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ABSTRACT 
 The average consumer is unaware of the characteristics of pork products that will 
constitute high quality meat. Labels on pork products have the opportunity to define those 
characteristics for retailers, chefs, purveyors, or consumers, yet those labels are not implemented 
consistently and accurately throughout the pork industry. Juiciness, texture, and color can be 
quantified through water holding capacity, mechanical tenderness, and color measurements. The 
developments of those characteristics rely on rate and extent of pH decline. The first hypothesis 
of this study is that subtle differences in ultimate pH can result in significant differences in pork 
quality. Identification of commonalities in the conversion of muscle to meat through skeletal 
muscle metabolism, therefore, may allow more accurate predictions for the rate and extent of pH 
decline that regulates pork quality. 
 The rate and extent of pH decline relies on glycolytic flux as well as glycolytic capacity 
in the conversion of muscle to meat. There is a great deal of evidence that glycogen content in 
muscle does impact the extent of pH decline. However, more recent investigations have 
determined that glycolytic flux is controlled by two main factors. First, the amount of fructose 1-
phosphate that passes phosphofructokinase (PFK), a major rate-limiting enzyme. Second, 
mitochondrial function in the early postmortem period. Further research is required to identify 
the enzymes or substrates that determine glycolytic capacity. Therefore, the second hypothesis of 
this work is that glycolytic metabolites and proteins have differing abundances at 45 minutes 
postmortem that can be used to identify day 14 pH and meat quality. 
 Longissimus dorsi samples in the current study were a subset of a larger study involving 
two genetic lines of pigs divergently selected for residual feed intake. The objective of the 
current experiment was to identify metabolomic and proteomic markers for different ultimate pH 
ix 
   
 
(14 d postmortem) from pork longissimus dorsi samples, to understand the role of energy 
metabolism in ultimate pork quality. Chops for quality and proteomic analysis were removed and 
aged 14 d postmortem for pH and quality measurements. Two groups of chops were classified 
into normal d 14 pH (pH, μ=5.59, 5.53-5.67; NpH, n=10) and low d 14 pH (pH, μ=5.42, 5.38-
5.45; LpH, n=10). Marbling, water holding capacity (purge loss % & cook loss %), tenderness 
(intact desmin & star probe), and color (Hunter L, a & b and visual color score) were used to 
evaluate quality on chops. 
 Samples were excised at 45 min postmortem and snap-frozen in liquid nitrogen then 
homogenized into a powder for further metabolomic and proteomic quantification. Nontargeted 
metabolomics through gas chromatography- mass spectroscopy was used to 
quantify metabolites involved in glycolysis or the citric acid cycle at 45 min postmortem. 
Furthermore, two-dimensional difference in gel electrophoresis and mass spectrometry 
measured differing abundances of proteins that were soluble in low ionic strength buffer form 45 
min postmortem samples. Western blotting was used to quantify protein abundances of soluble 
PFK, peroxiredoxin-2, and AMP deaminase-2 (reduced & non-reduced). 
 Classification on ultimate pH resulted in significantly different pH at 14 d postmortem (P 
< 0.01), a trending difference at 24 hr postmortem (P = 0.10) and no difference at 45 min 
postmortem (P = 0.64). Quality measurements resulted in improved water holding capacity 
(purge loss %, NpH: 2.40, LpH: 3.84, P < 0.01; cook loss %, NpH: 22.81, LpH: 20.21; P = 0.03), 
color (Hunter L: NpH: 47.63, LpH: 50.58, P < 0.01; Hunter b: NpH: 6.74, LpH: 7.58; P = 0.02), 
tenderness (Star Probe: NpH: 5.36, LpH: 6.31; P < 0.01) and protein degradation (day 7 intact 
desmin: NpH: 1.78, LpH: 3.39; P = 0.02; day 14 intact desmin: NpH: 1.43, LpH: 2.36; P = 0.06). 
visual marbling and hunter a were not significantly different (P > 0.10). Significant 
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metabolites that were more abundant in the NpH classification included pyruvate (P = 0.01) and 
malate (P = 0.01). Those more abundant in the LpH classification included fructose 6-phosphate 
(P = 0.08) and lactate (P = 0.09). Selected proteins were all significantly higher in the NpH 
samples and were involved in contraction (α-actin), glycolysis (glyceraldehyde 3- 
phosphodehydrogenase (GAPDH), fructose bisphosphate aldolase (ALDO), pyruvate kinase 
(PK), ß enolase and lactate dehydrogenase (LDH)) and heat stress regulation (α 2-heat shock 
glycoprotein, and heat shock protein 70 (HSP70)).  
 Western blot analysis of peroxiredoxin-2 showed a greater abundance at 45 
min postmortem in the NpH group (P = 0.02). Total PFK decreased from 45 min 
to 14 d postmortem (P < 0.01), while the total reduced AMP deaminase increased from 45 min to 
14 d postmortem (P = 0.03). No significant differences were identified between the NpH and 
LpH groups for 45 min PFK or reduced and non-reduced AMP deaminase-2, nor 14 d 
peroxiredoxin and reduced AMP deaminase-2.  
 Classification based on day 14 pH resulted in improved quality in the NpH group that 
could be used to identify key metabolic processes in the conversion of muscle to meat. First, 
more abundance of lactate in the LpH samples supports the hypothesis that lactate accumulation 
will contribute to ultimate pH, however 45-minute postmortem pH was not different in the 
current study. Furthermore, the accumulation of pyruvate in the NpH samples coincides with a 
greater abundance of PK in the NpH samples. Greater abundance of chaperone proteins and 
peroxiredoxin-2 at 45 min postmortem may indicate that mitochondria and proteolysis enzymes 
in the normal pH group, maintained improved function. Identification of α-actin in the 
sarcoplasmic, soluble fraction of the NpH group in conjunction with a greater accumulation of 
fructose 6-phosphate in LpH may signify protein-protein interaction during the onset of rigor 
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mortis that contribute to extended postmortem activity of PFK, despite limited differences in 
PFK abundance.  
 It can be concluded that metabolic enzymes play an important role in postmortem pH 
decline. Early postmortem quantification of proteins and metabolites will allow for more targeted 
future investigations into the mechanisms behind pH and quality developments. The current 
work brings into question the variability of glycolytic protein abundance vs. activity and 
mitochondrial stability in postmortem muscle. 
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 CHAPTER 1.     GENERAL INTRODUCTION 
 Meat processors, chefs, purveyors, retailers, and consumers all use a visual appraisal to 
predict the eating quality of pork. However, visual evaluation of those products may not be a 
consistently effective method to determine sensory characteristics such as juiciness, tenderness, 
and flavor. Package labels can create a significant opportunity for packers, retailers, or purveyors 
to establish reliable predictors or specifications for labeling purposes. These efforts could offer 
consistency in products that meet consumers’ expectations (Lusk et al., 2018). Unfortunately, 
there are few accurate definitions for a quality characteristic that will guarantee juiciness, 
tenderness, or flavor of fresh pork products for the consumer (Font-i-Furnols and Guerrero, 
2014). 
 The quality of pork products relies heavily on the rate and extent of pH decline. 
Unfortunately, early postmortem pH is not a consistent indicator of the ultimate quality of 
cooked pork. This is, in part, because pork quality is affected by a variety of intrinsic and 
extrinsic factors that will impact pork quality development and that are independent of early 
postmortem pH decline (Warriss et al., 1989; Henckel et al., 2002; Scheffler et al., 2015). 
Because of its relative ease of measurement, ultimate pH could help predict the firmness, water 
holding capacity, and color of fresh pork products.  
 In extreme circumstances, low ultimate pH can result in negative quality characteristics 
of pork products (Bee et al., 2007). Yet, limited work has identified how slight variations in pH 
decline can also impact tenderness, water holding capacity, or color. The rationale of this work is 
that differences in ultimate pH, metabolites, and proteins could be identified, and explain why 
those differences exist. One objective of this study was to evaluate how subtle differences in 
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ultimate pH can affect instrumental tenderness, water holding capacity, and color. It was 
hypothesized that those variations in ultimate pH could still contribute to consumer acceptance. 
 The second objective was to determine the extent to which variation in the proteome and 
metabolome at 45 min postmortem explain the difference in ultimate pH classification. The 
hypothesis underlying the objective is that measurable biochemical and physiological features in 
early postmortem muscle contribute to the metabolism, extent of lactate production, and 
variation in pH. This is because the majority of postmortem pH decline depends on the ability for 
postmortem skeletal muscle to metabolize glycogen and glycolytic metabolites such as glucose, 
and glucose 1-phosphate (Chauhan and England, 2018). 
  Muscle glycogen early postmortem is negatively correlated to the ultimate pH of pork 
longissimus dorsi (LD) (Henckel et al., 2002). However, not all of the glycogen is consumed 
when skeletal muscle was provided excess glycogen in vitro (England et al., 2016). Several 
proteins including phosphofructokinase (PFK), mitochondrial F1 adenosine triphosphatase 
(ATPase), and adenosine monophosphate (AMP) deaminase play a substantial role in 
postmortem pH decline (England et al., 2014; England et al., 2015; Matarneh et al., 2017; 
Matarneh et al., 2018). This observation shows that the glycolytic capacity of skeletal muscle 
does not solely rely on glycogen content at harvest. Instead, variation in the metabolic pathways, 
their enzymes, and metabolites are likely contributing to variation in ultimate pH. Early 
postmortem metabolome must be defined more completely if significant progress can be made 
(England et al., 2014; England et al., 2015). 
 The profile of metabolites and proteins may indicate variations in glycolytic mechanisms 
that influence ultimate pH development in pork longissimus dorsi. If the subtle difference in 
ultimate pH (< pH 5.6) can affect ultimate pork quality, results from this study will create an 
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opportunity to identify how mechanisms of glycolysis and the citric acid cycle can be used to 
determine ultimate quality accurately. This will enable producers and packers to more efficiently 
label and market pork products that meet consumer expectations by the time they purchase and 
consume their products.  
Thesis Organization 
 
 The organization of this thesis is in four chapters. The format of the chapters is according 
to the Meat and Muscle Biology style guide. Chapter one is the general introduction. Chapter 
two consists of a review of the literature that relates to the thesis topic. Chapter three is titled 
“Contribution of early postmortem proteome and metabolome to ultimate pH and pork quality” 
and is prepared for submission to the Meat and Muscle Biology journal. Chapter four consists of 
a general conclusion for the entire thesis. 
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CHAPTER 2.     REVIEW OF LITERATURE 
Introduction 
Meat is recommended to be consumed as a good source of dietary protein, fatty acids, 
and vitamins (Higgs, 2000) and has long been a valuable food product. Consumers of meat strive 
to purchase affordable, high-quality products but may not always be aware of how to evaluate 
quality confidently and consistently. Packers, retailers, chefs, and purveyors have tried to 
implement pork quality standards that will promote their consumers to pay a premium for the 
quality, yet those standards are inconsistent. This is because meat products are ever-evolving. 
Both extrinsic and intrinsic variables play essential roles in the development of the meat product 
as it leaves the plant to the time the consumer cooks it. 
Some parameters can be used to accurately and consistently sort pork based on quality. 
However, the development of color, texture, and juiciness is centrally reliant on postmortem pH 
decline. Therefore, this review will outline the opportunities for packers, retailers, chefs, and 
purveyors to identify and consistently label pork. The focus here will explain how both 
antemortem and postmortem variables can alter mechanisms behind the conversion of muscle to 
meat. This objective is to identify gaps in our understanding of how postmortem metabolism 
influences ultimate pH and pork quality.   
Marketing Pork Based on Quality 
Consistency in the quality of fresh pork products can give consumers confidence in their 
purchases. However, the quality of meat is defined differently in different sectors of the supply 
chain. It is important to note that the appearance, texture, and consumer perception of the flavor 
of meat products govern consumer appeal (Lusk et al., 2018). Ranking meat products based on 
quality is vital for customers in both value-based pork exports and domestic premium pork 
6 
 
   
 
programs. For example, Japan has increasingly been the leading US export target for high quality 
pork loins. Of the US market share of pork and pork products, 31% was imported to Japan in 
2017 (USDA, 2018). Sixty percent of consumers base their purchase decision on pork color, yet 
38% of those consumers perceive lighter color chops to be preferable when no quality label is 
present (Lusk et al., 2018). Label brands on packaging based on objective specifications can help 
consumers identify reddish pink, tender, and juicy products more successfully. Nevertheless, line 
speeds require quick measurement techniques while accurately predicting and objectively 
defining the quality of pork products. Consistent and accurate labels and brands will build trust 
between the producers, packers, retailers, chefs, purveyors, and customers and ultimately give 
consumers confidence in their purchase decisions.  
Consumers’ willingness to pay for high-quality products depends on a variety of factors, 
including socioeconomic status, religion, or geographical location. In general, functional 
appearance, texture, and flavor (Font-i-Furnols and Guerrero, 2014) are traits indicative of high-
quality fresh pork. Consumers are willing to pay an average premium of $0.81/kg more for 
guaranteed tender and juicy pork products (Sanders et al., 2007). Therefore, domestic labels 
based on quality are necessary to encourage appropriate identification of those characteristics, 
because of consumers’ willingness to pay for higher quality pork (Lusk et al., 2018). The three 
main opportunities for packers and customers to accurately identify and label high-quality meat 
are quality grading, genetic selection, and biochemical analysis. These practices are quickly 
being implemented in pork production to improve quality uniformity, yet all have limitations.        
First, packers sort pork products based on quality in this industry at line speeds to meet 
market demands for their customers (retailers or export markets). The USDA has proposed 
creating a quality grading system for US pork markets in recent years due to the need for a 
7 
 
   
 
consistent and reliable grading system for both the consumer and customers (Summers, 2017). 
However, it failed, in part, because it could not guarantee a better eating experience for the 
consumer (Honegger et al., 2019a). Unique parameters of pork quality grading need to include 
color, marbling, and pH. A considerable limitation of early postmortem (~ 1-day) grading is the 
inability for packers to guarantee consistency for pork products to meet their customers’ color, 
marbling, and pH standards from day to day (Arkfeld et al., 2016). Further, evaluating the cut 
surface quality of pork loins at ~1-day postmortem may not positively impact consumer-eating 
experience (Harsh et al., 2018).  
Understanding the cause of pale soft and exudative pork through genetic defects have 
successfully reduced some genetic inconsistencies in pork quality (Barbut et al., 2008). One 
typical example of this is acid pork caused by the RN- mutation, which will be discussed later in 
this review (Salas and Mingala, 2017). Yet, significant variations in pork quality have been 
demonstrated in major retailers and supermarkets across the US (Bachmeier et al., 2016). These 
variations demonstrate that visual quality standards, such as color and marbling, cannot always 
guarantee juiciness and tenderness in pork (Honegger et al., 2019a). Fortunately, implementing 
antemortem parameters, such as genetic selection, guarantees higher quality products that avoid 
these issues. Understanding genomic variation gives breeders the ability to select for a breadth of 
biological characteristics that impact pork quality (Mullen et al., 2006). As an example, breeds 
with significant variations in meat quality exhibit differences in energy metabolism, proteolytic 
enzymes, and skeletal muscle protein (Damon et al., 2012). Certain breeds and breeding 
practices allow for the genetic selection of high-quality pork. However, these niche breeds and 
genomic profiles can be costly and may still have uncontrolled pork quality variations.   
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Classification through biochemical analysis has the potential to accurately and 
consistently predict quality. This practice would ideally involve testing postmortem products to 
find protein or metabolic footprints quickly- footprints that could identify and therefore 
guarantee pork to be higher or lower quality. Development in this type of analysis includes 
factors that influence color (Joseph et al., 2015; Théron et al., 2019), tenderness (Huff Lonergan 
et al., 2010a; Carlson et al., 2017a; Carlson et al., 2017b) and pH (Poleti et al., 2018). 
Applications, though, are currently limited and costly.  
Available techniques and methods used for biochemical analyses include nuclear 
magnetic resonance (NMR) (Marcone et al., 2013), near-infrared spectroscopy (NIRS) (Prieto et 
al., 2009), Raman spectroscopy (Herrero, 2008), or computer vision systems (Girolami et al., 
2013). However, there are inconsistencies in the effectiveness of those methods. For example, 
NMR has been more successful in identifying biochemical structures of meat that contribute to 
quality characteristics such as water holding capacity (WHC) (Bertram et al., 2002). 
Unfortunately, this process is limited due to high costs and worker safety as a result of magnetic 
fields (Marcone et al., 2013). Further, both NIRS and Raman spectroscopy are used to predict 
meat quality based on the chemical composition of the products. Furtado et al. (2018) found that 
NIRS was able to predict color in pork when measured at 24 hr postmortem. However, 
spectroscopy methods still have inconsistencies in their ability to measure other meat quality 
characteristics such as tenderness. Those issues have been attributed to variation in the 
preparation of reference samples compared with the products being measured (Berri et al., 2019). 
A computer vision system is also an option for predictive technology. The camera measures 
color traits, but recent work has allowed vision systems to predict other quality characteristics 
such as ultimate pH and the color of meat as seen by a sensory panelist (Girolami et al., 2013; 
9 
 
   
 
Berri et al., 2019). If these methods are reliable, they could be used to predict water holding 
capacity, pH, and color (Bertram et al., 2002; Furtado et al., 2018). The challenge, however, is 
identifying the specific proteomic and metabolomic features that should be analyzed (Aebersold 
and Mann, 2003). Nevertheless, NMR, NIRS, Raman spectroscopy, and computer vision systems 
are excellent possibilities to change the identification and marketing of pork products.    
Accurate prediction of ultimate pork quality improves consumer acceptance of those 
products (Lusk et al., 2018). Unfortunately, the current practices for identification of those 
products all have limitations in their ability to quantify the quality of pork and subsequently label 
the meat appropriately. Both proteomic and metabolomic features can be used as direct or 
indirect molecular markers of quality. For this review’s focus, meat quality will be defined by 
tenderness, juiciness, and color. This information allows the development of a more robust and 
multifactorial method to predict pork loin quality accurately. The most considerable benefit of 
this practice would be keeping the consumers’ expectations consistent with the reality of the 
product and establishing trust in each purchase.    
Defining Characteristics of Meat Quality and Value 
Consumers purchase meat with an expectation that it is highly palatable, yet palatability 
can mean something different to different consumers. Scientific standards require palatability to 
be measured by a set of quantifiable parameters- parameters that consistently align with the 
consumers’ expectations of a product. Fortunately, there are a few specific characteristics that 
define whether a fresh meat product is highly palatable or not. Tenderness, juiciness, and flavor 
are some of the most common sensory descriptors for meat’s palatability. Therefore, meat 
quality characteristics such as marbling, color, pH, tenderness, and WHC quantify those sensory 
descriptions for palatability. For example, the flavor can be associated closely with fat content or 
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marbling, while juiciness can be defined more specifically as WHC. The focus here is on select 
essential parameters measured to quantify meat quality: marbling, WHC, color, and tenderness. 
Marbling   
Marbling is the term used to describe intramuscular fat within muscle, laid down between 
muscle bundles. Intramuscular fat’s development tends to increase linearly as the animal 
increases in age and size (Scanes, 2003). Meat-animal production values marbling because of the 
importance of fat in not only the taste (Wood et al., 2008) but also tenderness (Huff-Lonergan et 
al., 2002; Dilger et al., 2008) of cooked pork. In subjective quality grading, marbling is one 
easily identifiable characteristic that helps ensure consumer satisfaction of the meat product. One 
study used three degrees of marbling (low: 1.05% intramuscular fat, medium: 2.33% 
intramuscular fat, and high: 3.46% intramuscular fat) to analyze consumer sensory evaluations of 
pork loin (Brewer et al., 2001). Loins in the high category received the greatest juiciness, 
tenderness, and flavor scores. This shows that a great amount of intramuscular fat can positively 
influence consumer perception of the product. However, marbling may not always indicate these 
quality characteristics. Lonergan et al. (2007) identified that lipid content (<3%) only accounted 
for variation in texture within a pH range of 5.5-5.8, meaning that quality characteristics such as 
sensory tenderness, chewiness, and star probe rely on ultimate pH rather than marbling. 
Additionally, consumer sensory evaluation shows limited correlations to lipids within the same 
genetic line (Rincker et al., 2008). While in most cases, marbling does have a positive influence 
on the palatability; increased lipid in meat can be related to some negative animal efficiency 
consequences.   
Marbling is valued in pork products, but animal growth and marbling are not always 
correlated. The Duroc breed exhibited significantly more intramuscular fat when compared with 
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the Landrace breed (Gjerlaug-Enger et al., 2010). Unfortunately, Durocs tend to be less efficient, 
which means that they produce less lean with the same amount of feed as other domestic breeds. 
Van Wijk et al. (2005) also showed a small correlation between average daily growth and 
marbling in the loin and the ham. The negative relationship between marbling and efficiency 
among breeds may be due to alterations in energy storage. However, Lonergan et al. (2001) 
identified no significant difference in marbling between Duroc pigs selected for efficiency 
compared to a control line of Duroc pigs. These conflicting results indicate that marbling is breed 
dependent, but not correlated with growth efficiency within a breed.  
Lipid oxidation is an additional issue that may develop over time as a result of increased 
marbling. Fatty acids, the building blocks of fat, can vary in their saturation. Unsaturated and 
polyunsaturated fatty acids, therefore, are more susceptible to decreased oxidative stability. With 
an increased amount of marbling and exposure to oxygen, lipid oxidation is more likely to occur 
(Lavieri and Williams, 2014). Oxidation of these compounds creates a detectable and undesirable 
aroma and flavor of meat products (Wood et al., 2008). Nevertheless, marbling still maintains its 
beneficial qualities of improving the palatability of meat.   
Water Holding Capacity  
In addition to lipids, juiciness is related to the capacity of fresh meat to retain moisture 
and is measured as water holding capacity (WHC) or by sensory evaluation. Water holding 
capacity is the amount of water maintained in and around the muscle cell (Huff-Lonergan and 
Lonergan, 2005) in three locations known as “bound,” “immobilized” and “free” (Toldra, 
2017a). Defining the properties of these three locations creates an understanding of how juiciness 
changes over time and the relationship between water content and meat quality.  
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Bound water composes the least amount of water in the cell at ~1%. These water 
molecules are tightly bound by skeletal muscle proteins (Huff-Lonergan and Lonergan, 2005). 
Immobilized water is ~85% and attached directly to the bound water by steric effects. This type 
of water is more easily lost through drying or structural changes that occur through rigor mortis 
(Hughes et al., 2014). Free water is attached to the immobilized water and flows freely from the 
extracellular space. This type of water is the first to be lost through muscle conversion to meat 
and rigor mortis (Toldra, 2017a). For example, rigor mortis will decrease sarcomere length and 
significantly alter intracellular space for fluid to be held (Offer and Trinick, 1983). Any 
measurable free and immobilized water (and water-soluble proteins) that are lost from meat is 
called purge or drip loss. Consequently, meat products with higher WHC have more juiciness 
and less purge or drip loss.   
Proteins that function to maintain the structure of a muscle cell (structural proteins) work 
like three-dimensional scaffolding; they create extracellular space that is available for the 
additional water to be held (Bertram et al., 2002; Wojtysiak, 2020). Yet, postmortem 
denaturation and degradation of proteins significantly impact the available intracellular and 
extracellular space. Denaturation of the protein, specifically myosin, causes adverse effects on 
WHC. Protein denaturation is the result of the combination of high temperatures and high pH. 
Water holding capacity decreases in this circumstance because rigor bonds detach, and the 
myosin heads collapse against the tails, causing lateral shrinkage of myofibrils (Barbut et al., 
2008; Huff Lonergan et al., 2010b; Hughes et al., 2019). In other words, lateral shrinkage 
reduces intracellular space and subsequent WHC. On the other hand, proteolytic enzymes work 
to degrade specific structural proteins in skeletal muscle, creating volume to hold water around 
the muscle cells (Huff-Lonergan and Lonergan, 2005). 
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A variety of fresh meat handling practices impact the WHC of meat, including freezing, 
aging, and packaging. This relationship of handling practices to WHC is a result of manipulating 
muscle shortening, protein denaturation, and degradation through temperature and pH. 
Packaging can present varying degrees of oxygen exposure to meat, which is shown to impact 
sarcomere shortening. Wang et al. (2019) showed that packaging with high oxygen modified 
atmosphere packaging resulted in more sarcomere shortening visible through electron 
microscope images. An atmosphere that does not limit oxygen exposure such as more permeable 
packaging and high oxygen modified atmosphere packaging, therefore, may cause the formation 
of crosslinks that result in shorter sarcomeres and lesser water holding capacity. Moreover, 
freezing, then thawing of meat products, increases purge loss, potentially due to myofibrillar 
denaturation (Zhang and Ertbjerg, 2018). Alternatively, Schulte et al. (2019) showed limited 
quality differences in aged pork chops before freezing. These are essential considerations to 
make during the transportation and storage of meat and will be further discussed when taking 
tenderness into account. 
Measurement of the immobilized or free water lost through the percentage of purge lost, 
or drip loss is one easy way to identify WHC of fresh meat. The evaluation of postmortem 
proteomic structural changes (i.e., sarcomere length, protein denaturation, and protein 
degradation) allows for a new understanding of the fundamentals of WHC. However, 
developments in these measurements are still necessary due to the significant relationship that 
WHC can have with tenderness and color.    
Color  
The visual experience of meat products is the first opportunity for consumers to form an 
opinion about the product. The way humans see color is through three different properties: 
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chroma, hue, and lightness (Elliot, 2015). Chroma is a measurement of vividness. Hue measures 
the color of a product- what individuals may think of as red, blue, and yellow. Lightness is the 
amount of light that is reflected off of a product, ranging from 0 (black) to 100 (white) (Girolami 
et al., 2013). Quantification of these properties is either visual or objective. Visual color scores 
use categorical data for a quick and easy option to grade color (NPPC, 2000). Objective 
measurements provide continuous data that can be used to calculate hue and chroma. These 
measurements are made with a color meter that gives precise color values of L (light vs. dark), a 
(red vs. green), and b (yellow vs. blue) (Girolami et al., 2013).   
In fresh pork loin, a light pale pink color can result in lower quality traits such as less 
tenderness and juiciness. Likewise, dark reddish-pink color loins can indicate high quality, 
tender and juicy products. Myoglobin structure and abundance influence the color of pork. A 
bright red color is generally the result of more abundance of myoglobin, but variation can occur 
when its chemical structure alters. Myoglobin consists of two units: globin and the heme ring. 
Different forms of heme can change the hue and chroma of meat.  
Variation in myoglobin content is a result of differences in species, breed, or muscle fiber 
type (Toldra, 2017b). Similarly, muscle fiber type is associated with requirements for oxygen 
consumption in an animal and results in striking differences in myoglobin content (and color) 
(Mancini and Hunt, 2005). Muscle fiber type receives an additional explanation in later 
discussions of this review.   
Increased myoglobin content gives a bright reddish-pink color as long as myoglobin is in 
the reduced state and oxygenated. The ability for meat to maintain the reduced and oxygenated 
myoglobin is typically referred to as redox or color stability. Myoglobin is subject to oxidation, 
just as in lipids. Lipid oxidation will promote myoglobin oxidation leading to a less desirable 
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metmyoglobin formation that appears pale brown (Font-i-Furnols and Guerrero, 2014). 
Specifically, in pork, a lesser amount of myoglobin in the skeletal muscle leads to less 
myoglobin oxidation, caused by lipid oxidation when compared with beef (Joseph et al., 2015).  
Myoglobin abundance can indicate properties of other muscle proteins. Rigor mortis will 
cause sarcoplasmic fluid to be squeezed out of the myofibril. Therefore, water holding capacity 
and tenderness commonly work hand in hand with the improvement of the color of meat (Kim et 
al., 2010; Ertbjerg and Puolanne, 2017). Degradation of key proteins will impact the meat’s 
ability to maintain water and myoglobin but will be discussed in more detail later (Huff-
Lonergan and Lonergan, 2005). Nevertheless, the evaluation of color is critical, as it is an 
indicator of other quality characteristics in pork. 
Tenderness  
The tenderness of fresh meat is often quantified using a mechanical tenderness 
measurement. This measurement represents the chewing process that quantifies the force 
required it to puncture or shear the meat product. While the focus of this review is primarily on 
pork longissimus dorsi (LD), several muscle groups are used to study tenderness. To specify, 
LD, longissimus thoracis (LT), and longissimus lumborum (LL) all refer to the longissimus 
muscle but differ based on anatomical location. When evaluating pork LT and pectoralis 
profundus, the latter contains increased collagen content (Nakamura et al., 2003). Increased 
collagen is typically associated with tougher meat, depending on cooking methods. Additionally, 
psoas major, masseter, and LL muscles can model contrasting pork quality to understand 
structural and biochemical developments of tenderness as well as color and WHC (Melody et al., 
2004; England et al., 2016; Yu et al., 2019). Careful consideration, therefore, should be made to 
the particular muscle when evaluating tenderness. 
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Development of meat tenderness is multifactorial and can commonly change based on 
both antemortem (transportation, lairage time, and stunning) and postmortem (cooling, freezing, 
thawing, aging, and cooking) handling techniques. For example, aging meat is a common 
technique used to improve tenderness. Pork loin aging, specifically, improves tenderness values 
(Melody et al., 2004; Schulte et al., 2019). Proteomic and sensory studies verify tenderness 
improvements after aging due to protein degradation (Dransfield, 1992; Arkfeld et al., 2015).  
Likewise, carcass cooling as meat enters into rigor mortis is crucial to tenderness 
development (Ertbjerg and Puolanne, 2017). The combination of temperature and pH decline is 
so crucial that cooling should not be too slow to prevent protein denaturation, nor too fast to 
prevent freezing related defects. Protein denaturation will occur when the temperature is too high 
(> 15°C) and pH is close to the isoelectric point of major muscle proteins such as myosin (pI = 
5.4) (Huff-Lonergan and Lonergan, 2005; Kim et al., 2010). When pH is near the isoelectric 
point, positive and negative charges are nearly equal, limiting skeletal muscle proteins’ ability to 
hold the water-soluble components. If postmortem meat is too warm in these circumstances, 
proteins will denature, and meat will become tough (Zhang and Ertbjerg, 2019). For example, 
Kim et al. (2010) have identified that denaturation of proteins is a common cause of toughness in 
the deep semimembranosus when compared to the superficial semimembranosus. This occurs 
when the temperature in the deep part of the muscle cannot decline during rigor, while pH is 
decreasing.  
There are two instances that chilling too quickly can result in extremely tough meat.  
Thaw rigor is the result of frozen meat before it enters into rigor, while cold shortening occurs 
when meat is chilled rapidly and immediately postmortem (Xiong and Blanchard, 1993). 
However, these conditions are more common in beef and not identified as a major issue for 
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commercial pork. Rosenvold et al. (2010) determined that cooling pork carcasses at 10-15 °C for 
6 hr until the carcass has entered rigor mortis (about pH 5.8 for the longissimus), then cooling 
rapidly to 4 °C presented ideal conditions for carcass quality, including tenderness. Therefore, 
this rapid and stepwise temperature decline allows a balance in the biochemical pathways for 
optimum tenderness and food safety during the conversion of muscle to meat (Huff Lonergan et 
al., 2010a; Rosenvold et al., 2010).   
Variation in endpoint cooking temperature affects pork loin tenderness. Consumers 
deemed chops cooked to internal temperatures of 63°C to be more acceptable than chops cooked 
to 71°C, regardless of pH, color, or marbling scores (Honegger et al., 2019a). Ángel-Rendón et 
al. (2020) identified that consumers prefer the tenderness of pan-cooked pork compared to 
alternative cooking styles of the same muscle cooked to 70°C. Yet others have shown that 
cooking method, in combination with the degree of doneness, has the most substantial impact on 
pork tenderness (Simmons et al., 1985; García-Segovia et al., 2007; Honegger et al., 2019b). 
These variables need to be kept in context as preparation methods have an essential impact on 
pork tenderness.   
Variables such as endpoint temperature and cooking methods are therefore highly 
controlled for tenderness throughout the conversion of muscle to meat. At a fundamental level of 
the skeletal muscle structure, in the first 24 hr, postmortem muscle shortening through rigor 
mortis and permanents actomyosin cross-bridge will cause the most toughening (Dransfield, 
1992; Goll et al., 1997). In other words, stretched muscles (either mechanically or by keeping 
muscles attached to bone) will promote tenderness throughout rigor mortis (Herring et al., 1967; 
Weaver et al., 2008). Yet, alterations of protein structure will continue to increase tenderness 
over time (England et al., 2012; Ertbjerg and Puolanne, 2017). Therefore, the focus here is on 
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protein structure in pork loin and how its stability over time alters consumers’ ability to cut or 
chew meat.  
With this knowledge, a useful method to quantify and predict meat tenderness is through 
the evaluation of protein structure and proteolysis that allows it to change over time. Protein 
structure includes a myriad of proteins that create the muscle’s structural and functional integrity 
as an organ and as a cell. Analyzing proteolysis of structural proteins allows for a more specific 
understanding of pork loin tenderness difference as it relates to skeletal muscle stability.  
Mechanisms of proteolysis and its relationship with tenderness are not fully defined. Protein 
structure is subject to the abundance and activity of proteolytic enzymes in conjunction with 
environmental factors. A better understanding of this structure through the conversion of muscle 
to meat gives producers, packers, and retailers a better set of standards in fresh meat handling. 
Those standards allow for the optimization of meat tenderness for the consumer. 
Skeletal Muscle Structure 
Skeletal muscle is highly organized in long cylindrical tissue; muscle bundles encompass 
muscle fiber, then myofibrils, and finally, short segments of sarcomeres (Clark et al., 2002). 
Muscle bundles consist of muscle fibers, surrounded by a connective tissue layer known as the 
perimysium. A muscle fiber is the specialized cellular component of muscle, encapsulated by its 
cell wall (sarcolemma) and a connective tissue membrane (perimysium). An additional 
connective tissue layer surrounds muscle fiber and its cellular membrane, known as the 
endomysium. Within a muscle fiber are specialized muscular organelles called myofibrils. The 




   
 
 Sarcomeres consist of distinct light and dark bands, seen through electron microscope 
analysis (Sweeny & Hammers, 2018; Rall, 2018). Labels are assigned to the bands and proteins 
as identified in the electron microscope images that define the structural components of a 
sarcomere; A- band, I- band, Z-line, H- zone, and M- line. The light and dark bands of those 
images are named the anisotropic and isotropic regions, known as the A- band and I- band, 
respectively. The I- band’s major proteins are actin filaments and regulatory proteins troponin 
and tropomyosin. The combination of actin, troponin, and tropomyosin make up the thin filament 
(6-8 nm in diameter) (Huxley & Hanson, 1954; Scanes, 2003). Troponin and tropomyosin are 
proteins that work together to help myosin heavy chain become attached to actin (Scanes, 2003).   
The sarcomere is the length between adjacent Z-lines (Oe et al., 2009); Z- lines, thus, 
intersect the center of the I- band. On the other hand, the A- band consists primarily of myosin 
(Bourne, 1973). Myosin is also the major protein of the thick filament (14-16 nm in diameter) 
(Scanes, 2003). A portion of the sarcomere that does not have thin filament is at the center of the 
A- Band and thick filament. This region is known as the H- zone. The center of the H- zone is 
the A- band, intersected by the M- line and noted to be the centermost component of a sarcomere 
(Rall, 2018).  
Contraction of the sarcomeres causes longitudinal and lateral movement that requires a 
high level of organization between all myofibrillar and stromal proteins. The Z -line thus creates 
structural connections to connective tissue layers. These connections are made with the help of 
intermediate filament of costameres. During contraction, thin and thick filaments slide past one 
another, as actomyosin bonds are formed (Bourne, 1973). When myosin ATPase hydrolyzes 
ATP, the myosin head attaches to the actomyosin binding site. This process is the formation of 
actomyosin cross-bridges (Sweeny & Hammers, 2018). The myosin head swivels, forcing the 
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distance from Z- line to Z- line to decrease in size. Through this process, the I-band decreases in 
size while the A- band maintains its length.  
Intermediate Filament 
It is necessary to consider the contribution of the intermediate filament structures in 
muscle structure and meat tenderness. These proteins are so named because of their intermediate 
diameter (~10 nm) in comparison to thick and thin filaments. Intermediate filaments aid in the 
structural maintenance of myofibrillar proteins (Mooney et al., 1995). This classification 
includes a variety of proteins; desmin is the most prominent (Clark et al., 2002). Desmin attaches 
at the Z- line and forms lateral connections from one myofibril to another. This structure helps to 
enforce structural maintenance of the thin filament throughout contraction (Sweeny & Hammers, 
2018). Another common intermediate protein, filamin, works to bind actin together and give it 
structure by the attachment to cell membranes (Kim & McCulloch, 2011; Stossel et al., 2001). 
Similarly, to desmin, vinculin is a vital protein to bind and stabilize actin (Stossel et al., 2001; 
Kim and McCulloch, 2011). The collection of these proteins emphasizes the importance of the 
maintenance of structure in skeletal muscle.   
Myofibrillar, Sarcoplasmic and Stromal Proteins 
Skeletal muscle proteins are categorized by function into myofibrillar, sarcoplasmic, and 
stromal proteins. Myofibrillar proteins are typically soluble at high ionic strength (> 0.3 M KCl) 
and contain the structural and regulatory proteins that are directly responsible for muscle 
contraction and relaxation (Huxley & Hanson, 1954). Sarcoplasmic proteins are typically soluble 
at a low ionic strength (< 0.1 M KCl) and consist of a large portion (approximately two thirds) of 
protein necessary for energy metabolism (Huang et al., 2011; Scanes, 2003; Scopes & Stoter, 
1982). However, some studies have found variations in protein solubility. For example, 
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Lametsch et al. (2003) found actin in the soluble fraction of pork LD both immediately after 
harvest and 72 hr postmortem. The circumstances that may result in variation in myofibrillar 
protein solubility are discussed later in this review.  
The abundance and activity of sarcoplasmic enzymes are commonly analyzed because of 
their impact on glycolytic metabolism, color stability, and proteolysis. Stromal proteins consist 
primarily of collagen and elastin and make up about 10% of the protein (Karlsson et al., 1999). 
Stromal proteins are the primary proteins that make up connective tissue, which includes 
collagen, elastin, and reticulin. These proteins are most well known for their influence on meat 
tenderness and can be melted in high temperatures (Hughes et al., 2014). Therefore, in addition 
to meat preparation, these proteins are essential to consider and control in the analysis of meat 
quality.  
The collection of these proteins composes the skeletal muscle and are all necessary for 
skeletal muscle contraction and relaxation in a living animal. Studies can identify the physical 
properties of skeletal muscle and meat more clearly through the purification of skeletal muscle 
proteins per ionic strength. Yet, as mentioned earlier, the proteins extracted from these methods 
may differ for various reasons: protein-protein interactions, isoelectric point, or pH. As an 
example, intermediate filament varies in solubility due to postmortem aging and other 
biochemical interactions (Clark et al., 2002; Carlson et al., 2017b). Further, myofibrillar protein, 
including tropomyosin, actin, and myosin, are often identified in sarcoplasmic extractions 
(Huang et al., 2011; Cruzen et al., 2015). Joo et al. (1999) noted that variations in protein 
solubility have a relationship with pork color and water holding capacity.  
It is possible that if muscles have not formed actomyosin cross-bridges, then highly 
abundant proteins such as myosin or actin may be soluble in low ionic strength buffer. This 
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could occur early postmortem before the meat has entered into rigor. An alternative hypothesis 
could be that degradation of those abundant proteins allows them to be more soluble. This may 
be one reason for variation in intermediate filament solubility. For this reason, when extracting 
proteins into high and low solubility groups, it is essential to be aware of proteins’ biochemical 
alterations throughout the conversion of muscle to meat. 
Mechanisms in the Conversion of Muscle to Meat 
It is essential to define the reasons that underly pork quality variation — differences from 
one animal to another due to environmental or intrinsic elements that impact the conversion of 
muscle to meat and determine ultimate pH (Bate-Smith and Bendall, 1949). In the conversion of 
muscle to meat, an animal’s bodily functions begin to cease. Through this process, skeletal 
muscle attempts to maintain homeostasis. Heat buildup and the lack of oxygen in the system 
(ischemia) create a transition from aerobic to anaerobic metabolism (Hertzman et al., 1993; 
Werner et al., 2010).   
Metabolic Pathways 
Glycogenolysis, glycolysis and the citric acid cycle are the primary metabolic pathways 
in converting muscle to meat (Ohlendieck, 2010). Glycogenolysis is the conversion of glycogen 
to glucose 1-phosphate, catalyzed by glycogen phosphorylase and glycogen debranching enzyme 
(Toldra, 2017c). Glycolysis in muscle generally includes the metabolism of one molecule of 
glucose 1-phosphate to three molecules of ATP, two molecules of NADH and two molecules of 
pyruvate. A summary of the enzymes and metabolites involved in glycogenolysis and glycolysis 
are exhibited in Figure 1.  
Adenosine triphosphate significantly impacts the postmortem muscle phenotype (Robergs 
et al., 2004). Rigor mortis requires energy for contraction, which continues to deplete ATP and 
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result in the accumulation of adenosine diphosphate (ADP) and Pi (Ertbjerg and Puolanne, 2017). 
These nucleotides are commonly measured to determine the extent of rigor mortis and the 
conversion of muscle to meat. However, systems that utilize aerobic metabolism will produce 
more ATP than those that rely on anaerobic metabolism. Therefore, the rate and extent of energy 
production rely on the metabolic pathway that is utilized.  
 In the presence of oxygen, cellular mitochondria metabolize pyruvate. Glycolysis 
continues to produce large amounts of ATP through the citric acid cycle (Figure 2.2) and the 
mitochondrial electron transport chain. The membrane structure is critical for mitochondrial 
function. The inner and outer membranes allow the transport and accumulation of protons and 
energy substrates to maintain an electrochemical potential (i.e., a balance of ATP production, 
through ATP synthase, and pH) (Hudson et al., 2017). Enzymes that catalyze the citric acid cycle 
are located in the mitochondrial matrix and use Acetyl CoA for fuel in the production of proton 
donors (NADH and FADH2) for energy metabolism. The electron transport chain, located in the 
inner mitochondrial membrane, coordinates the flow of H+ from proton donors into space 
between the inner and outer mitochondrial membrane, known as the inner membrane space. ATP 
synthase, located in the inner membrane, is therefore activated to produce ATP from ADP and 
Pi; this process is known as oxidative phosphorylation. 
The product of this cycle is a net of 36 molecules of ATP per molecule of glucose, along 
with H2O and CO2 (Toldra, 2017c). Postmortem production of ATP through the citric acid cycle 
slows down. This transition is due to oxygen depletion in postmortem muscle (Scheffler and 
Gerrard, 2007). Therefore, anaerobic metabolism maintains function for a more extended time in 
the postmortem environment. With limited oxygen, pyruvate and NADH are converted to lactic 
acid rather than entering aerobic metabolism (Figure 2.1). 
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Figure 2.1. Enzymes and metabolites involved in glycolysis and glycogenolysis, exhibiting the 
production of ATP, NADH, Lactate and Acetyl CoA.   
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Postmortem muscle functions in a similar way to fatigued living muscle; there is a 
balance between oxidative (aerobic) metabolism and glycolytic (anaerobic) metabolism. Even in 
living tissue, there is a metabolic adaptation to required work versus available oxygen 
(Westerblad et al., 2010). In this circumstance, monocarboxylate transporters and circulatory 
waste removal act as buffers to uphold functional requirements (Kylä-Puhju et al., 2004; C. 
Figure 2.2. Enzymes and metabolites involved in the Citric Acid Cycle exhibiting production of 
NADH, FADH2, CoA-SH and CO2. 
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Werner et al., 2010; Matarneh et al., 2015). However, the depleting resources of postmortem 
muscles result in the accumulation of lactate and H+ through the hydrolysis of ATP. These are 
the two best-understood contributing factors to postmortem pH decline in muscle (Bate-Smith 
and Bendall, 1949).  
Postmortem pH Decline 
In the postmortem system, heat buildup and ischemia promote increased energy 
metabolism (Hertzman et al., 1993; Werner et al., 2010). Removal of circulation results in a lack 
of oxygen and the accumulation of metabolites that might normally be removed by the 
circulatory system. Therefore, pH regulation is compromised through inadequate circulatory 
removal of lactic acid. Monitoring pH decline is essential because of its impact on proteolytic 
enzymes and intermolecular forces’ activity, causing variations in pork quality characteristics 
described previously (color, WHC, and tenderness).  
Energy metabolism in postmortem muscle relies on the abundance and activity of the 
glycolytic mechanisms. The rate through which substrates can pass metabolic enzymes 
determines glycolytic flux (Scheffler and Gerrard, 2007). Glycolytic capacity is the maximum 
glycolytic ability in skeletal muscle (Mookerjee et al., 2016). Though related, glycolytic flux and 
capacity have a distinct impact on pH decline and fresh pork quality.   
It is necessary to understand the biochemical consequence of postmortem energy 
metabolism. Therefore, the extent and rate of pH decline must be defined due to its role in meat 
quality development in pork (Scheffler and Gerrard, 2007). Parameters for low, normal and high 
ultimate pH or pork LD are classified based on the pH at 24 hr postmortem (< 5.5, 5.6 - 6.4 and 
> 6.5, respectively), as defined by the US Pork Center of Excellence (Pork Quality: pH Decline 
and Pork Quality, 2015). Huang et al. (2011) classified pork based on ultimate pH decline at 3 hr 
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postmortem. Classification are as follows: fast (3 hr pH < 6.0), intermediate (6.0< 3 hr pH > 6.3) 
and slow (3 hr pH > 6.3) (Huang et al., 2011). Intermediate rate and normal extent of pH decline 
results in the highest quality pork. A fast rate and low ultimate pH are also of low quality. This 
type of pH decline would result in acid meat, classically called pale, soft, and exudative (PSE) 
meat. Moreover, a slow rate but a low extent of pH decline also results in PSE meat (Bendall and 
Swatland, 1989). An ultimate high pH (>6.5), while not as common, will typically have a greater 
amount of bound water that does not release from proteins. This condition in pork is termed dark, 
firm, and dry meat (Cassens, 2000). These classifications of pH decline are reasonable 
estimations for what the resulting ultimate pork quality will be. The ability to predict pH and 
quality still relies on other underlying factors. Those added variables include temperature decline 
and energy metabolism.  
Physiological stress, created by the antemortem environment, increases the rate of 
postmortem pH decline due to excess glycogen. Glycogen is metabolized in skeletal muscle to 
produce ATP that can be for mechanical energy. Adenosine triphosphate is also used in 
maintaining several cellular functions including protein synthesis, protein degradation, and 
maintaining chemical gradients. Additional products of glycogen metabolism include H+ and 
NADH. Some studies have demonstrated that physiological stress can cause decreased pork 
quality due to increased early postmortem muscle metabolism. Pre-harvest stress and stunning 
method are commonly evaluated to minimize the stress of animals (Rosenvold and Anderson, 
2003). Physiological stress will increase skeletal muscle glycogen, which can be metabolized to 
lactate and H+. A significant correlation (-0.88) has been identified between glycogen content 
immediately before slaughter and ultimate pH (Henckel et al., 2002) (when glycogen content 
was below 53 mm/kg wet weight glycogen). The relationship between physical stress, muscle 
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glycogen, and ultimate pH in pigs is a result of complete metabolism of glycogen and more 
considerable accumulation of H+ and lactic acid (Bate-Smith and Bendall, 1949).  
One standard model for excess glycogen resulting in lactic acid production and 
diminished pork quality is a mutation in pigs identified as adenosine monophosphate-activated 
protein kinase (AMPK) g3R200Q (RN-). This RN- mutation causes an amino acid substitution 
(R200Q) in the gene encoding for adenosine monophosphate-activated protein kinase (AMPK) 
g3 subunit (Scheffler et al., 2011). Nevertheless, AMPK has a direct impact on glycogen storage 
and metabolism in the muscle (Salas and Mingala, 2017). Therefore, the R200Q mutation results 
in excess glycogen storage (~80 µmol/g tissue) (Scheffler et al., 2011). Notably, there are other 
mutations in the gene encoding for AMPK that linked to mutations in pork quality (Ciobanu et 
al., 2001). The R200Q mutation is associated specifically with the Hampshire breed, yet Ciobanu 
et al. (2001) identified the I199I to have the lowest glycogen content and highest quality 
compared with I199V and V199V of Berkshire x Yorkshire crossbreeds. Therefore, the 
mutations can have a similar impact on glycogen and pork quality, beyond the Hampshire breed. 
Greater glycogen content increases the glycolytic potential and results in extremely low ultimate 
pH, often called acid meat (Matarneh et al., 2018).  
Scheffler et al. (2013) used the RN-, R200Q mutation to examine the impact of glycolytic 
potential on ultimate pH in LD, showing that lesser glycogen content will attribute to a higher 
ultimate pH (pH > 6.0), but only to a certain extent. In this study, residual glycogen (represented 
as undigested glycogen content in the muscle) at 24 hr postmortem was used to classify pigs 
without the RN- mutation into high (+ Gly) and low (- Gly) residual glycogen groups. This 
classification was a way to identify differences in the glycolytic capacity of pigs with and 
without the AMPK g3R200Q (RN-) mutation. Those with the mutation maintained the most 
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residual glycogen, the lowest pH, and the most lactate between the three groups (Figure 2.3). It is 
noteworthy that residual glycogen groups did not differ in pH nor lactate at 24 hr postmortem.  
 
Scheffler et al. (2013) concluded 
that excess residual glycogen (defined by 
undigested glycogen content) at 24 hr 
postmortem does not result in low 
ultimate pH. The hypothesis was most 
likely that less residual glycogen at 24 hr 
postmortem could demonstrate more 
glycolytic capacity, reflected by low 
ultimate pH. It may have been thought 
that if metabolic enzymes could maintain 
postmortem function and metabolize the 
available glycogen, those samples would 
result in low 24 hr pH and more lactate. 
However, these results show that 
glycolytic enzymes do not simultaneously 
lose function, and that glycogen is 
metabolized but does not necessarily 
result in lactate and H+. Therefore, this 
review will continue to discuss the postmortem function of key metabolic enzymes. 
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Figure 2.3. Adaptation of figure 7 from Scheffler et 
al. (2013) demonstrating excess lactate accumulation 
(B) and acidification (A) of AMPK R200Q infected 
longissimus at 24 hr postmortem when compared with 
high residual glycogen (+Gly) and low residual 
glycogen (- Gly) groups. 
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Several reports indicate that excess glycogen immediately before slaughter may not 
always account for the skeletal muscle’s ability to accumulate an acidic postmortem environment 
(Henckel et al., 2002; Chauhan et al., 2019). As previously discussed, Henckel et al. (2002) 
showed that ultimate pH was correlated with the amount glycogen present in the system at 
harvest. Although, that correlation did not exist when antemortem glycogen exceeded 
approximately 50 mmol/kg w.w. glycogen. In beef, Warriss (1990) described glycogen depletion 
before harvest will result in dark cutter beef with a shallow pH decline and high ultimate pH. 
Yet, this observation is not consistent from muscle to muscle; i.e., LD muscles are highly subject 
to this defect in beef, unlike the forequarter muscles. Some also have examined the glycolytic 
capacity of different muscles in pork using an in vitro glycolytic buffer system containing excess 
glycogen (England et al., 2016; Chauhan et al., 2019). These constructs support the results of 
(Henckel et al., 2002), that excess glycogen is not always correlated to ultimate pH. How, then, 
Figure 2.4. Working model from England et al. (2014, 2015, 2016) and Matarneh et al. (2015, 2018), 
demonstrating variables that contribute to the rate and extent of pH decline. 
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can glycolytic flux and glycolytic capacity be estimated if not through muscle glycogen content? 
The rest of this section will develop this question and highlight the mechanisms that can be used 
to determine glycolytic flux and capacity. A working model (Figure 2.4) developed by England 
et al. (2014, 2015, 2016) and Matarneh et al. (2015, 2018) has investigated this question, 
identifying three metabolic enzymes playing a role in low ultimate pH in pork. The enzymes 
brought into question include phosphofructokinase (PFK), AMP deaminase, and mitochondrial 
F1 ATPase. Justification for the relevance of these enzymes is given in the following sections.  
Phosphofructokinase 
Phosphofructokinase catalyzes a committed step of glycolysis – the conversion of 
fructose 6-phosphate to fructose 1,6- bisphosphate (Scheffler and Gerrard, 2007). Inactivation of 
PFK will occur as pH declines. Citrate, ATP, and lactate inhibit PFK activity through feedback 
inhibition. Activators of PFK include ADP, AMP, calcium, and fructose 2,6- bisphosphate 
(Scheffler et al., 2011; England et al., 2014). England et al. (2014) used an in vitro muscle 
glycolytic buff system to determine the role of PFK in postmortem glycolysis. Powdered LD 
samples were added to two reaction buffers that were held at pH 5.5 and 5.0; one buffer 
contained excess fructose 1,6-bisphosphate while the other was a control. Results indicated that 
at both pH’s buffers without fructose 1,6-bisphosphate resulted in ~50% less lactate than the 
buffers with fructose 1,6-bisphosphate at 24 hr postmortem. The authors concluded that 
increased substrate passing PFK early postmortem (~1 hr) would increase the glycolytic flux, 
and the rate of pH decline. Moreover, variation in PFK activity will differentiate the ultimate pH 
of meat products.  
The activity of PFK at a low (< pH 5.5) pH is unexplained. For example, PFK activity 
decreases in vitro as pH drops and loses activity below pH 5.5 (England et al., 2014). One 
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hypothesis for the prolonged function of PFK below pH 5.5 may be the physical environment 
sustained through rigor mortis (Hasemann et al., 1996). In other words, maintenance of PFK 
activity at a pH lower than 5.5 may be a result of PFK forming interactions with myofibrillar 
filaments (Roberts and Somero, 1987). Schmitz et al. (2013) tested these hypotheses by 
evaluating in vivo glycolytic flux in differing contraction rates of rat tibialis anterior. This study 
identified that skeletal muscle contraction created a binding of calcium-calmodulin filaments that 
prevents PFK inactivation by ATP and H+. Moreover, insulin stimulation caused PFK to bind to 
actin in rabbit skeletal muscle (Silva et al., 2004). Results identified that actin-binding 
significantly increased PFK activity and supported the hypothesis that the distribution of this 
enzyme with dramatically impact glycolytic flux. These interactions warrant further 
investigations into the activity of PFK in vivo of postmortem pork. 
AMP Deaminase 
 Adenylate kinase (AK) catalyzes the conversion of two adenosine diphosphates (ADP) 
to one adenosine triphosphate (ATP) and one adenosine monophosphate (AMP) (Figure 2.5A) 
(Scheffler et al., 2011; Toldra, 2017c). The latter is further deaminated by AMP deaminase into 
inosine monophosphate (IMP). Nucleotide recycling is slowed through AMP deaminase activity 
because IMP cannot contribute to the adenonucleotide pool. The combination of these 
metabolites with AMP deaminase activity was examined in the longissimus muscle (England et 
al., 2015). Adenosine monophosphate deaminase was inhibited in vitro using pentostatin. 
Concentration of AMP (mM) in the pentostatin treatment longissimus was greater than the 
control at 120 min postmortem; 0.03 + 0.01 and 0.0 + 0.01, respectively. In support of this 
observation, the pentostatin treatment increased acidification at 24-hr postmortem from 5.59 + 
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0.02 to 5.42 + 0.02 (England et al., 2015). These results demonstrate that the inactivation of 
AMP deaminase will extend postmortem glycolysis.  
The in vivo portion of this study used wild type and RN- mutation longissimus samples 
with no added treatment to measure AMP deaminase abundance and activity. England et al. 
(2015) showed a lesser abundance (~55% at 24 hr postmortem) and activity (~9.5% at 24 hr 
postmortem) of AMP deaminase in the longissimus from pigs containing the AMPK g3R200Q 
(RN-) mutation. AMP deaminase activity was lower in AMPK g3R200Q (RN-) at all time points (0 
min, 30 min, 1 hr, 3 hr and 24 hr). Based on these results, variation in AMP deaminase can 
explain the extremely low pH of RN- pigs and could potentially explain the low ultimate pH of 
loins from pigs not treated with pentostatin.  
Figure 2.5. Enzymes and metabolites involved in nucleotide formation (A) and activation of 
phosphofructokinase (PFK) (Toldra et al., 2017) (B), demonstrating the role of adenosine 
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Greater amounts of AMP activate PFK indirectly by first activating AMP kinase 
(AMPK). Shen et al. (2007) identified that AMPK activity correlates with fructose 2,6-
bisphosphate concentration. This correlation is due to increased AMPK phosphorylating and 
activating PFK-2. Fructose 2,6-bisphosphate is created from fructose 6-phosphate, catalyzed by 
PFK-2. Therefore, fructose 2,6-bisphosphate activates PFK-1 (Shen et al., 2006; Figure 2.5B). 
The pathway evidence demonstrates that PFK can increase glycolytic capacity and extend 
postmortem pH decline (England et al., 2015).  
Adenosine monophosphate deaminase activity may contribute to glycolytic flux as shown 
in the AMPK g3R200Q (RN-) mutation. Post-translational modifications may add to variation AMP 
deaminase activity. More phosphorylation of AMP deaminase may increase its activity (England 
et al., 2015). Therefore, those alterations may result in increased ATP consumption early 
postmortem, which would increase the glycolytic flux. As a result, agreater amount of AMP 
could also increase PFK activity in postmortem skeletal muscle.  
Mitochondrial F1 ATPase  
Skeletal muscle myofibrillar ATPase is a critical enzyme for ATP hydrolysis and muscle 
contraction. Myosin ATPase is the most abundant and, therefore, hydrolyzes the most 
considerable amount of ATP in skeletal muscle. This is especially true considering the energy 
demands during the conversion of muscle to meat and rigor development. However, myosin 
ATPase, similar to PFK, is pH-dependent, losing activity by pH 5.5 (Bowker et al., 2004). This 
is an essential enzyme for pH decline. Initial pH decline is, in part, the result of the activity of 
ATPase dependent energy consumption (Scopes and Stoter, 1982; Bowker et al., 2004).  
Matarneh et al. (2018) hypothesized that mitochondrial ATPase plays a part in glycolytic 
capacity. This hypothesis supports the notion that some muscles have a greater glycolytic flux 
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and capacity because they rely more heavily on anaerobic metabolism in living muscle 
(Matarneh et al., 2017). Oxidative (aerobic dependent) muscles, for example, have a greater 
amount and size of mitochondria, which may reduce glycolytic flux and contribute to a slower 
rate and lesser extent of postmortem pH decline (Scheffler et al., 2015; England et al., 2016).  
England et al. (2018) isolated mitochondria and inhibited the mitochondrial F1 ATPase β-
subunit in vitro with sodium azide. This study determined that non-inhibited mitochondrial 
ATPase resulted in more lactate production and a lower pH at 24 hr postmortem (Matarneh et al., 
2018). In other words, mitochondrial F1 ATPase activity throughout the first 24 hr postmortem 
results in extended glycolysis.  
Matarneh et al. (2018) could not explain why mitochondria ATPase will increase the 
glycolytic flux in vitro. In vivo muscles containing more mitochondria, which have greater 
oxidative metabolic capabilities, are classically known to exhibit high pH and improved quality 
compared with their anaerobic counterparts. Yet, AMP Kinase γ3 R200Q (RN-) pigs are one 
example where this observation does fit. When compared with wild type pigs, those containing 
the mutation exhibited greater skeletal muscle mitochondrial protein and DNA in the longissimus 
muscle immediately after harvest (Scheffler et al., 2014). This observation could explain 
additional glycolytic flux as a result of extended mitochondrial F1 ATPase but leaves the former 
argument unanswered; why can aerobic muscles resolve metabolism before anaerobic muscles, if 
aerobic muscle contains greater mitochondria? 
One hypothesis is that mitochondria become swollen and damaged in postmortem 
muscle. Some studies have identified mitochondrial F1 ATPase β-subunit and ATP synthase β-
subunit in the sarcoplasmic fraction. These findings were at ~5 min postmortem and 11-16 days 
postmortem, respectively, despite its native state is that of the myofibrillar fraction, embedded in 
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the mitochondrial membrane (Cruzen et al., 2015; Matarneh et al., 2018). These observations 
support the hypothesis that mitochondrial damage results in the release of mitochondrial ATPase 
into the soluble fraction.  
The “mitochondrial treason” hypothesis suggests that ischemia causes mitochondrial 
swelling and eventual damage. Hudson (2012) explains postmortem mitochondrial ATPase that 
undergoes this extreme stress will become “selfish” and start using ATP for its survival. This 
event happens despite the antemortem function and cellular necessities to create ATP for the 
betterment of the cell. Accumulation of Ca2+ and residual oxygen species (ROS) occurs in the 
inner membrane space (Bauer and Murphy, 2020). Importantly, ROS and Ca2+ activate the 
permeability transition pore located in the inner mitochondrial membrane. Accumulation of these 
compounds, will therefore further initiate cell death and swelling, Mitochondria make a futile 
attempt to maintain the inner membrane potential, as the outer membrane swells and eventually 
bursts.  
Inhibition of mitochondrial activity in vitro will result in decreased ATP loss as well as 
more considerable lactate accumulation resulting from glycogen degradation (Scheffler et al., 
2015). Further, ROS and antioxidant capabilities are important to evaluate as they are indicators 
of mitochondrial function (Zhang et al., 2020). Therefore, one hypothesis is that the 
mitochondrial electron transport chain can regulate postmortem glycolytic capacity. Skeletal 
muscle mitochondria that are resistant to mitochondrial treason will, therefore, have a higher 
ultimate pH.  
Mitochondrial treason may be one explanation for the low ultimate pH of AMP Kinase 
g3R200Q (RN-) mutated pigs. Mitochondrial swelling and damage will limit the citric acid cycle’s 
ability to convert pyruvate to Acetyl CoA. Instead, pyruvate will be converted to lactate and 
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contribute to the extended pH decline. Meanwhile, increased ATP hydrolysis from mitochondrial 
ATPase may explain an increase in glycolytic flux, ultimately extending oxidative metabolism 
and resulting in higher ultimate pH. 
Rigor mortis causes variations in postmortem cytoskeletal space. Physical interaction 
with myofibrillar proteins can alter enzyme functions. The alterations in postmortem muscle 
structure may be due to strong interactions between sarcoplasmic and myofibrillar proteins 
(Bendall and Wismer‐Pedersen, 1962). Rigor mortis may anchor enzymes to myofibrillar 
complexes, and maintain postmortem glycolysis and pH decline (Ohlendieck, 2010). Therefore, 
investigations into enzymatic activity as it relates to postmortem glycolysis require consideration 
of skeletal muscle structure and consequences rigor mortis.  
Nevertheless, postmortem skeletal muscle glycolytic flux and glycolytic capacity are both 
highly reliant on energy metabolism, specifically the abundance and activity of enzymes 
involved in ATP regeneration (AMP Deaminase), glycolysis (PFK), the citric acid cycle and 
mitochondrial stability (Mitochondrial F1 ATPase) (Chauhan and England, 2018; Matarneh et al., 
2018). Metabolites used as substrates of glycolysis can be analyzed to determine both the 
glycolytic flux and capacity. Combined analysis of enzymes and metabolites can, therefore, be 
useful in determining the critical alterations in the conversion of muscle to the meat that 
determine pH decline. This will determine how rigor mortis and other environmental variables 
influence pork quality. 
Proteolysis 
Calpains 
Proteolytic enzymes are responsible for postmortem proteolysis and protein degradation. 
Calpain enzymes are known to contribute to some of the observed postmortem degradation of 
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muscle proteins. Calpain is a Ca2+ dependent cysteine protease, commonly identified in 2 
isoforms (calpain-1 and calpain-2). There are slight variations in the activity of these enzymes, 
for example, calpain-1 requires only micromolar of calcium to be activated while calpain-2 
requires millimolar of calcium to be activated (Goll et al., 2003). Further, calpastatin is the 
endogenous competitive inhibitor of calpain (Goll et al., 2003). Active calpains cleave portions 
of protein filaments, including desmin, titin, and troponin. Therefore, degradation production of 
these protein filaments is suitable substrates to demonstrate calpain-1 activity (Lametsch et al., 
2004). Once activation occurs, calpains become autolyzed and are no longer active. Calpain 
autolysis and substrate degradation are protein indicators of calpain activity in postmortem 
skeletal muscle (Geesink and Koohmaraie, 2000; Lametsch et al., 2004). 
The ever-evolving environment of postmortem skeletal muscle will influence calpain 
activity and proteolysis. Skeletal muscle calpain-1 is most active at pH 6.5, while calpain-2 is 
most active at pH 7.5 (Carlin et al., 2006). The temperature in the conversion of muscle to meat 
is also essential to consider as warmer temperatures resulted in increased calpain-1 activity and 
more troponin-t degradation in beef, as shown by (Mohrhauser et al., 2014). This indicates that 
warmer temperatures may contribute to more tender meat products with improved water holding 
capacity for an extended period.   
Enzyme activity decreases as pH and temperature decline (Huff Lonergan et al., 2010a). 
In postmortem skeletal muscle, calpain-1 is more frequently assessed because it is more easily 
activated than calpain-2 in these conditions due to available calcium and low postmortem pH. 
Melody et al. (2004) reported more rapid calpain-1 autolysis in the psoas major compared with 
longissimus dorsi or semimembranosus. These results and the rapid pH decline of the psoas 
major demonstrate a paralleled relationship of pH decline with calpain activity. This could be a 
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result of extended conditions of approximately pH 6.5 at the same time that muscle loses its 
ability to sequester calcium in the sarcoplasmic reticulum. These conditions could autolyze 
calpain quickly due to combined calcium availability, pH, and temperature in the early 
postmortem period. The conversion of muscle to meat also presents the crucial interaction 
between calpain and substrates in the postmortem environment.  
Further, a close association of calpain with myofibrils and associated proteins results in 
increased proteolysis (Melody et al., 2004). Boehm et al. (1998) demonstrated that calpain-1 
might be bound to myofibrils and remain inactive for up to 7 d postmortem in beef. This supports 
the observation that proteolysis occurs faster with longer sarcomeres, where less calpain-1 would 
be bound with myofibrils (England et al., 2012; Mohrhauser et al., 2014). However, slowed pH 
and temperature decline result in protein denaturation and limited calpain autolysis (Kim et al., 
2010). These observations show the combined rate of pH decline and sarcomere shortening will 
influence the rate and extent of proteolysis through calpain.  
 Additional protein alterations through the conversion of muscle to meat influence calpain 
activity. For example, calpain is subject to oxidation which will decrease its activity and ability 
to degrade proteins (Rowe et al., 2004; Lametsch et al., 2008). Carlin et al. (2006) proposed that 
mild oxidation may cause more proteolysis. This is because oxidation can make myofibrillar 
proteins more susceptible to degradation and calpastatin oxidized may consequently allow for 
more protein degradation by calpains. However, excessive oxidative exposure will decrease 
calpain activity and proteolysis (Carlin et al., 2006). Notably, these observations are pH-
dependent and are not reflected at the lower pH of meat. Oxidation in the postmortem 
environment will decrease calpain-1 activity. Yet, limiting the inhibitory capabilities of 
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calpastatin in combination with intracellular Ca2+ of postmortem muscle may increase protein 
degradation (Carlin et al., 2006).  
Caspases  
Additional proteolytic enzymes, whose activity improves pork tenderness include 
caspases (Kemp et al., 2010). The caspase family is cysteine aspartate proteases that maintain 
apoptosis roles in skeletal muscle. Therefore, skeletal muscle apoptosis and environmental stress 
are often quantified through caspase activity and proteolysis of caspases’ substrates. Common 
caspase substrates include spectrin, actin, and calpastatin (Kemp, 2006).  
 Three overarching functions differentiate the several forms of caspase: initiator, effector, 
and inflammatory. In skeletal muscle, caspase-3 (effector) correlates to differing quality 
measurements, such as tenderness. Notably, interactions with calpain and calpastatin may give 
caspase a role in meat quality development (Hopkins and Geesink, 2009). Calpastatin may be 
rendered inactive as a result of degradation by caspase-3. Neumar et al. (2003) used an apoptotic 
stimulus to demonstrate increased expression of calpastatin that altered both calpain and caspase-
3 activity in humans. At higher doses of the apoptotic stimulus, caspase degraded calpastatin, 
and increased subsequent calpain activity (Neumar et al., 2003). Furthermore, incubation of 
myofibrils at 4 ° C for five days resulted in the degradation of actin, troponin-T, and myosin light 
chain through caspase-3 (Neumar et al., 2003; Kemp and Parr, 2008). These results demonstrate 
the direct and indirect relationship of caspase-3 with proteolysis in postmortem skeletal muscle.  
Proteasome 
The proteasome, specifically S26, is an ATP dependent protease composed of 2 large 
components (S19 and S20). Proteasomes uniquely require ubiquitin to tag proteins for targeted 
proteolysis (Taillandier et al., 2004). Within skeletal muscle, proteasomes are highly abundant, 
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yet postmortem proteolysis is specifically associated with the S20 subunit, whereas the S19 
subunit maintains ATPase subunits that provide energy to the complex. This subunit consumes 
ATP and ubiquitinates, or “tags” proteins to be degraded. The S20 unit is composed of 4 rings 
stacked on one another, creating a barrel-shaped unit. The two outer rings are the α-subunits, and 
the two inter rings are the ß, catalytic subunits containing chymotrypsin, trypsin, and caspase-
like active cites (Taillandier et al., 2004).  
Since ATP availability decreases in postmortem skeletal muscle, it can be hypothesized 
that the S19 subunit’s ability to “tag” proteins for proteolysis will decrease as well. In other 
words, proteasome related protein degradation is most likely limited in postmortem meat. This is 
because the ATP requirements of proteasome related protein degradation are not regularly 
available in the postmortem environment. However, evidence has been provided that 
proteasomes contribute to proteolysis in postmortem biological conditions of beef (Hopkins and 
Geesink, 2009). Lamare et al. (2002) showed that proteasome activity was relatively stable with 
decreasing postmortem pH in crude extracts of beef rectus abdominis. Protease activity 
decreased over time but maintained activity until 7 d postmortem, although protein degradation 
was not measured in this study. Further, Taylor et al. (1995b) isolated the 20S unit proteasome 
from liver and incubated it with 24-hr postmortem myofibrils. This in vitro study showed 
proteasomes were able to degrade myofibrils postmortem. This observation may not be possible 
in vivo with intact myofibrils due to the large size of the proteasome structure. Nevertheless, 
calpain-1 maintains a superior proteolysis effect due to the Z-disk structure’s significant 
proteolysis throughout postmortem aging (Taylor et al., 1995a). 
During aging, tenderness improves because of proteolysis. Still, other variables can 
impact tenderness such as sarcomere length, lipid content, and connective tissue (Huff -Lonergan 
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et al., 2010a; Kemp et al., 2010). Yet, it is not known for sure what variables influence 
postmortem proteolysis. Nevertheless, protein degradation is associated with increased meat 
quality characteristics, including troponin-T (Huff-lonergan et al., 1996), vinculin, desmin, 
filamin, dystrophin, nebulin, and titin (Carlson et al., 2017b, Fritz & Greaser, 1991; Taylor et al., 
1995a). 
Muscle fiber type 
Classification of skeletal myofibrils is according to muscle fiber type. Muscle fiber type 
is characterized based on differences in fiber pigment (Aberle et al., 2012) in addition to- and in 
congruence with- metabolic features (Evans et al., 1984). These fiber types are known as Type I, 
IIa, IIx, and IIb. Notably, some defining characteristics may overlap from fiber type to fiber type. 
Furthermore, whole muscles may contain several muscle fiber types, and an abundance of any 
fiber type may vary depending on the metabolic requirements of muscle groups (Schiaffino and 
Reggiani, 2011). 
The pigment of muscle fibers is predominantly a result of the myoglobin content and the 
size and amount of mitochondria (Bourne, 1973; Aberle et al., 2012). These fibers are either 
white (Type IIx and IIb) or red (Type I and IIa). A greater abundance of one or the other color 
within a whole muscle gives the appearance of dark or light muscle groups. For example, a 
muscle that contains a more considerable amount of red muscle fiber types than white appears to 
be red, while it still includes some white muscle fibers.  
Metabolic features create a more excellent definition of the differences in muscle fiber 
type. These metabolic features have been highlighted previously, emphasizing differences in 
aerobic, oxidative muscles and anaerobic, glycolytic muscles. Isoforms of myosin heavy chain 
help classify muscle fiber types (Karlsson et al., 1999). These isoforms are indicative of ATPase 
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activity and are important because fibers have either fast or slow contractile speeds that are 
dependent on variations in metabolism, whether glycolytic or oxidative. The variation in 
metabolism depends on ATPase activity and the abundance and activity of mitochondria (Aberle 
et al., 2012). The classifications of these characteristics are as follows: Type I (red) muscle fibers 
have a slow contractile speed with oxidative metabolism and abundant mitochondria. Type IIa 
(red) also uses oxidative metabolism but has a moderate contractile speed with a moderate 
number and size of mitochondria (Schiaffino and Reggiani, 2011). Type IIx (white) fibers have a 
contractile speed that is moderate but primarily uses glycolytic metabolism and has few small 
mitochondria. Finally, Type IIb muscle fibers are fast and also have a few small mitochondria 
and also use primarily glycolytic metabolism for energy. Mitochondria are still necessary for 
Type IIb fibers, yet the oxidative requirements of those muscles are much less than Type IIa 
fibers, resulting in lesser biogenesis of mitochondria (Schiaffino and Reggiani, 2011). It is 
challenging to differentiate fiber types, but it has been done using porcine longissimus muscle 
RNA of 14 d old Yorkshire pigs (Lefaucheur et al., 1997; Picard et al., 2002). Type IIx and IIb 
fibers are similar in molecular weight when analyzed with SDS-PAGE gels, which makes it 
difficult to differentiate between these two isoforms using western blotting methods. Between 
different muscles, muscle fiber type is variable and can contribute differently to energy 
metabolism. Muscle fiber type is an important factor that can impact postmortem pH decline. 
This could mean that the plasticity of muscle and fiber type phenotype can show transitions in 
metabolism under different conditions.   
Variation in pork quality can, in part, be related to and accounted for by muscle fiber 
types (Schiaffino and Reggiani, 2017). As mentioned previously, different skeletal muscles are 
commonly used to represent and study variation in muscle metabolism. For example, the psoas 
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major (PM) is composed mainly of oxidative fibers, while the longissimus lumborum (LL) is 
used to represent more glycolytic fibers. When measuring the area of muscle fiber type in LL 
and PM, Yu et al. (2019) fount that the PM had 46.16% more Type I fibers than the LL. 
Likewise, the LL had 48.41% more area of Type IIB fibers (Yu et al., 2019). Notably, distinct 
metabolic, lipid, enzymatic, and proteomic differences exist between muscle fiber types.  In 
contrasting phenotypes, like between PM and the LL, those variations result in substantial 
differences in meat quality (i.e. tenderness and water holding capacity) (Zhai et al., 2020). 
However, muscle fiber type variations within the same muscle may result in more subtle but 
essential variation in postmortem metabolism and meat quality. 
Oxidative muscle fibers contain more mitochondria and fatty acids that will enable long 
term and slow, yet more extended, energy production (Ungerfeld et al., 2005). Glycolytic muscle 
fibers contain a greater abundance of glycolytic enzymes that allow those muscles to produce 
large amounts of energy for a short amount of time. Oxidative muscles have the improved ability 
to use mitochondria for energy production in the presence of oxygen. However, with limited 
oxygen availability, oxidative fibers can also use glycolytic metabolism for necessary energy 
production. On the other hand, glycolytic muscle fibers can also produce cellular energy through 
aerobic metabolism but have a greater ability to produce this energy with glycolytic metabolism 
(more glycolytic capacity). It is important to note that the antemortem production of lactate in 
these muscle fibers can still impact living muscle pH. Therefore, glycolytic muscle fibers have 
inherently improved antemortem buffering systems (Kylä-Puhju et al., 2004). 
 Oxidative muscle fibers, postmortem, will potentially lose the ability to produce energy 
more quickly than their glycolytic counterparts. Further, oxidative muscles can rely on 
mitochondria and the citric acid cycle, rather than produce lactate for some time in the 
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postmortem environment. This could potentially be due to oxidative muscle having more oxygen 
availability through capillaries and myoglobin, or through mechanisms that work to stabilize 
mitochondria function in the antemortem environment. This will result in a less extended pH 
decline. It is hypothesized that as most of the available substrate will be metabolized in the citric 
acid cycle. In contrast, glycolytic muscle fibers will instead metabolize the majority of the 
substrate to produce lactate (Yu et al., 2019). Several variables still play an important role in the 
metabolic capabilities of these different fiber types such as ATPase isoforms, fatty acid 
composition, buffering abilities, cellular structure, as well as size and function of mitochondria 
(Schiaffino and Reggiani, 2011; Scheffler et al., 2013).  Muscles with predominantly oxidative 
fibers have a less glycolytic capacity that will result in higher ultimate pH when compared to 
glycolytic muscle fibers. Therefore, fiber types explain some different meat quality 
characteristics. 
Live Animal Environment 
Animal production classically focusses on optimizing feed efficiency and performance. 
Yet, it is undeniable that disease and stress are inevitable in even well-managed facilities. Those 
unwanted variables will decrease production and growth because of the reallocation of feed 
resources (Rauw et al., 2017). Some animals have an opportunity to withstand disease and or 
stress, but limited work has identified the relationship of maximizing production in the presence 
of environmental stressors with meat quality.  
Feed Efficiency 
 The domestication of the wild pig has dramatically improved its feed efficiency. Notably, 
this shift in metabolism and feed efficiency is coupled with changes in meat quality. An animal’s 
feed efficiency can be defined as the ratio between feed consumed, and weight gained (Koch et 
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al., 1963). Feed is a considerable cost in livestock production and is, therefore, essential to 
understanding its utilization (Cornelison et al., 2018). Animals can vary in efficiency depending 
on how they can allocate the nutritional resources of feed toward the production of body weight. 
With the selection for high growth rate and muscling of domesticated pigs, a shift in muscle fiber 
type was inherited- a greater abundance of type IIB fibers in the domestic pig when compared 
with wild pigs (Rehfeldt et al., 2008; Fazarinc et al., 2017). As previously described, muscles 
with predominantly white, glycolytic fibers will likely yield poorer fresh pork quality (including 
lower ultimate pH and lighter color) than their red, oxidative counterparts (Lee et al., 2010). 
Moreover, genetic deficiencies exist in some domesticated breeds, such as those with the AMPK 
g3R200Q (RN-) mutation. These constructs push research to identify the balance between feed 
efficiency, meat production, and pork quality. However, an animal’s ability to make the most of 
the feed consumed can be challenging to interpret and measure consistently. Therefore, 
understanding these measurements from one study to another relies on the definition of how 
efficiency is measured. 
Residual Feed Intake 
 Residual feed intake (RFI) measures the amount of feed consumed as it relates to the 
amount of feed that is expected to be consumed (based on average daily gain (ADG) and back fat 
(BF)) (Outhouse et al., 2019). For example, as ADG and back fat BF increase, feed intake 
increases as well. Other studies can use different criteria to predict expected feed intake, but 
here, the difference between expected and actual feed intake is measured in relation to ADG and 
BF (Cruzen et al., 2013). Yet, some animals perform better by consuming less feed to reach 
those performance standards. These animals are more efficient and classified as low RFI. On the 
other hand, some animals consume a more considerable amount of feed to meet the same 
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standards. These animals are high RFI. Divergent selection for these genetic phenotypes has 
shown that low RFI and high RFI pigs have the same ADG and BF but consume less feed and 
more feed, respectively (Koch et al., 1963).  
Notably, a common measurement of pork production is through daily growth 
performance. Pig growth performance is measured either as ADG or average daily feed intake 
(ADFI). In other words, an animal can have a high ADG and high ADFI and not necessarily be 
high RFI and vice versa. Genetic variations impact performance and efficiency differently. These 
differences depend on the change in heritability between increased meat production and 
production efficiency (Rauw et al., 1998; Gispert et al., 2007).  
For this review’s focus, efficiency, measured by feed consumed for expected gain, may 
impact pork quality (Rauw et al., 1998). Selection for high RFI or less efficient lines correlated 
with high ultimate pH of the semimembranosus and higher L* of the gluteus superficialis 
(Gilbert et al., 2007). In a different RFI line, Lefaucheur et al. (2011) also identified that more 
type IIB fibers in a low RFI line might have a negative impact on meat quality such as ultimate 
pH, lightness, and drip loss. Others have indicated less calpain-1 and calpain-2 activity in the low 
RFI line (Cruzen et al., 2013). This could result in less potential for protein degradation. 
However, in contradiction to these results, some have identified that improved feed efficiency 
(Low RFI) has improved quality characteristics (Arkfeld et al., 2015). Furthermore, improved 
water holding capacity and color were observed in the low RFI line by Outhouse et al. (2019). 
This means that selection for improved feed efficiency may impact muscle fiber type but is not 
necessarily at the expense of meat quality.  
Disease and Stress 
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Animals produced for meat are subject to several challenges that are a result of the 
environment. Examples of common environmental challenges to pork production are either 
diseases such as porcine reproductive, respiratory syndrome (PRRS), Mycoplasma 
hyopneumoniae and Lawsonia intracellularis, or environmental strain such as heat stress. The 
biological consequences of these variables are first defined to determine meat quality 
implications. 
Porcine Reproductive Respiratory Syndrome 
One of the most financially detrimental diseases in the pork industry to date is Porcine 
Reproductive Respiratory Syndrome (Nathues et al., 2017). The PRRS disease decreases feed 
efficiency, resulting in financial implications from $3 to $11 per head (Schweer et al., 2018). 
Dunkelberger et al. (2015) demonstrated that pigs divergently selected for residual feed intake 
are more resistant to the PRRS virus, in the low RFI line. 
Mycoplasma Hyopneumoniae and Lawsonia Intracellularis 
Infection with M. hyopneumoniae results in pneumoniae through lung legions creating an 
additional economic issue in the pork industry (Thacker et al., 2000). Straw et al. (1990) studied 
pigs highly infected with pneumonia and found slower growth and lower feed efficiency by 
13.4% when compared with pigs with a mild infection. Moreover, divergent selection for low 
RFI pigs induced with noninfectious pneumonia resulted in a hastened immune response (Straw 
et al., 1990). This observation was attributed to the more efficient use of amino acids for energy 
that would result in less proteolysis of skeletal muscle. 
L. intracellularis causes the wall of the small intestine to thicken, resulting in anemia, 
diarrhea, and death (Winkelman et al., 2002). L. intracellularis will also negatively impact feed 
efficiency (Thacker et al., 2000; Winkelman et al., 2002). In a dual infection of M. 
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hyopneumoniae and L. intracellularis, divergent selection for improved feed efficiency (high and 
low RFI) does not improve the response to the infection (Helm et al., 2018).   
Interactions between immune response and residual feed intake are, therefore, disease 
dependent. Highly efficient pigs that are more likely to exhibit an improved response to disease 
may not have improved quality. In other terms, resource reallocation as a result of infections may 
be improved in more efficient lines, but quality characteristics may take a toll. However, this 
observation deserves further investigation. 
Heat Stress 
Aside from disease, the impact of heat stress on feed efficiency has developed some 
conflicting results. The general concern is that the selection of animals with greater efficiency 
will result in an inability to properly allocate resources in the presence of high-stress situations 
(Rauw et al., 1998). In a study by Rauw et al. (2017), however, feed efficiency, as measured by 
RFI, is improved in heat stress conditions. Proteomic changes in pigs induced with heat stress 
included identifying heat shock proteins and alterations in mitochondrial protein profiles (Cruzen 
et al., 2015). This signifies metabolic alterations that will occur as a result of heat stress. 
Specifically, heat stress will create a shift towards glycolytic metabolism (Cruzen et al., 2015). It 
is hypothesized that the animal’s body works to maintain protein structure and metabolic 
efficiency as a result of decreased oxidative phosphorylation (Baumgard and Rhoads, 2013). 
Therefore, animals that have a greater ability to combat environmental stress may coincide with 
improved efficiency and performance. Unfortunately, these types of animals may have 





   
 
Summary 
Fresh meat purchases rely on visual, textural, and flavor appeal for packers, chefs, 
purveyors, retailers, and consumers. However, from purchase to purchase, it is difficult to 
identify the most desirable meat products. This is especially true for pork because of a lack of 
consistent quality grading systems. Packers, chefs, purveyors, and retailers work to identify that 
quality for their customers and consumers. Still, by the time the product reaches the consumer, 
substantial changes can occur in the color, texture, and juiciness of the meat products. What is 
not defined is how these changes can be predicted consistently early postmortem. 
 The conversion of muscle to meat lays a foundation for meat quality development. 
Physiological and biochemical factors of meat dictate energy metabolism. Those factors work in 
conjunction with temperature decline, protein degradation, and protein oxidation in the 
conversion of muscle to meat, causing variations in postmortem energy metabolism. 
Biochemical features can, therefore, be evaluated alongside temperature decline, protein 
degradation, and protein oxidation to predict the inherent ability for one product or another to be 
high quality by the time it reaches the consumer. However, it is unknown why substrate 
availability, such as glycogen, may not always determine ultimate pH and quality. Therefore, 
predictable or consistent development of fresh pork quality should be identified and prioritized to 
improve pork quality production. More specifically, definitions around the abundance and 
activity of skeletal muscle metabolic enzymes will give added opportunities for packers and 
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Abstract 
 The objectives of this study were to identify how subtle differences in ultimate pH are 
related to differences in pork quality and to understand how early postmortem (PM) glycolysis 
plays a role in differences in ultimate pH. The hypothesis was that a combination of elements in 
early PM Longissimus Dorsi (LD) proteome and metabolome could be used to inform the 
prediction of quality defects associated with pH decline. Temperature and pH were measured at 
several time points, including 45 min, 24 hr, and14 d postmortem. Quality measurements were 
made after 14 d of aging. Groups were classified as normal (pH, μ=5.59, 5.53-5.67; NpH, n=10) 
and low (pH, μ=5.42, 5.38-5.45; LpH, n=10) pH at 14 d PM. Metabolites from 45 min PM were 
identified using GC-MS for nontargeted analysis. Proteins were quantified with two-dimensional 
difference in gel electrophoreses (2D DIGE), and differentially abundant spots were identified 
with MALDI-MS. Western blot analyses were used to measure the abundance of 
phosphofructokinase (PFK), peroxiredoxin-2, as well as reduced and non-reduced AMP 
deaminase-2 at 45 min and 14 d PM. Ultimate pH classification did not affect 45 min PM pH 
(P=0.64); 14 d pH were different between groups (P<0.01). Normal pH LD had significantly less 
purge loss (P<0.01), darker (P<0.01), lower star probe (P<0.01), and less intact d 7 desmin 
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(P=0.02). More pyruvate (P=0.01) and less lactate (P=0.09) was observed in NpH along with 
more soluble lactate dehydrogenase (P=0.03) and pyruvate kinase (P<0.10) in the NpH group. 
These observations indicate differences in enzyme abundance or solubility may produce more 
pyruvate and less lactate in the NpH group. Fructose 6-phosphate was observed as more 
abundant (P=0.08) in the LpH group, indicating that PFK may be involved in glycolytic 
differences in this study. Further, greater abundance of heat shock proteins, peroxiredoxin-2 
(P=0.02), and malate (P=0.10) at 45 min PM all suggest differences in mitochondrial function 
and oxidative stability that could contribute to quality differences in the NpH group. These 
results show that even subtle changes in ultimate pH can influence the quality and that the 
proteome and metabolome at 45 min PM are associated with variation in the extent of pH 
decline. 
Keywords: pork quality, ultimate pH, glycolysis, metabolomics, proteomics. 
Introduction 
Classification of pork, based on quality, creates an opportunity for processors and 
producers to differentiate their product in a value-based marketing effort. Quality based 
classification could allow purveyors, chefs, retailers, and consumers to make purchases that meet 
their expectations (Lusk et al., 2018). Factors that control meat quality characteristics include 
marbling, color, texture, and juiciness (Brewer et al., 2001; Font-i-Furnols and Guerrero, 2014). 
The rate and extent of pH decline are known to cause variation in those factors (Huff-Lonergan 
et al., 2002; England et al., 2013; S.A. Subramaniyan et al., 2017). Therefore, the ultimate pH in 
the loin is a useful predictor of fresh pork quality.  
Meat quality development begins with the live animal and is very reliant on early 
postmortem (PM) conditions. Following exsanguination, calcium accumulation and ischemia 
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initiate skeletal muscle's futile attempt to maintain homeostasis. Energy metabolism, including 
hydrolysis of adenosine triphosphate (ATP), enables the onset of rigor mortis. The demand for 
energy regeneration and limited oxygen in these circumstances creates a conversion from aerobic 
metabolism to anaerobic metabolism (Ohlendieck, 2010). Sources of PM ATP production are 
both aerobic metabolism through the citric acid cycle, fatty acid oxidation and lipid oxidation, as 
well as anaerobic metabolism through the glycolytic pathway (Westerblad et al., 2010). 
Therefore, enzymes and metabolites in those pathways provide clues to explain the dynamic 
changes that occur in early PM meat.  
Glycolysis requires metabolic enzymes to convert free glucose or glucose 6-phosphate to 
yield cellular energy. However, skeletal muscle cannot store free glucose; therefore, it is limited 
in the early PM environment (Kastenschmidt et al., 1968). Glucose must instead be stored as 
glycogen or glucose 1-phosphate. In glycogenolysis, glucose 1-phosphate is generated from 
removing one glucose moiety from glycogen by glycogen phosphorylase. Glucose 1-phosphate is 
then isomerized to glucose 6-phosphate, which is further metabolized through glycolysis. Each 
glucose molecule of glycogen is converted to ATP, nicotinamide adenine dinucleotide (NADH), 
pyruvate, H+, and H2O in the sarcoplasm. Aerobic metabolism then converts pyruvate to ATP 
through oxidative phosphorylation in skeletal muscle mitochondria with the citric acid cycle and 
the electron transport chain. Pyruvate is metabolized through oxidative phosphorylation to form 
ATP and H+ (Toldra, 2017). The citric acid cycle will also produce NADH and flavin adenine 
dinucleotide (FADH2). Limited oxygen, however, slows aerobic metabolism, thus forcing 
pyruvate, NADH, and H+ to be instead converted to lactate and NAD+ (Toldra, 2017). These 
processes are essential to understand when outlining the role of metabolism in PM pH decline; 
this is because of the substantial influence that pH has on quality development in pork. 
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Three parameters dictate the initial decline in pH (until ~5.5 pH); 1) temperature of the 
skeletal muscle, 2) skeletal muscle glycogen content at harvest, and 3) substrate that passes 
phosphofructokinase (PFK) in glycolysis (England et al., 2014). Glycogen is the substrate for 
glycogenolysis and glycolysis to generate ATP. Thus, the amount of glycogen directly impacts 
PM glycolytic potential (Mookerjee et al., 2016). Therefore, a greater abundance of skeletal 
muscle glycogen at the time of harvest contributes to lower pH decline but only to a certain 
extent. Glycogen content right before harvest had a significant negative correlation to ultimate 
pH (-0.88), but only if glycogen is below about 50 mmol/kg w.w. glycogen (Henckel et al., 
2002).  
Phosphofructokinase uses ATP to catalyze the conversion of fructose 6-phosphate to 
fructose 1,6-bisphosphate. The PFK reaction is one of the rate-limiting steps in glycolysis, the 
others being glycogen phosphorylase and pyruvate kinase (Scheffler and Gerrard, 2007). 
England et al. (2015) identified PFK to regulate the rate of pH decline, in vitro due to the amount 
of substrate that passes PFK until about pH 5.5 when PFK loses activity. A fast rate of 
glycolysis, termed glycolytic flux, can result in a low ultimate pH, yet once the pH reaches ~5.5, 
the conversion of fructose 6-phosphate to fructose 1,6-bisphosphate slows. Therefore, PFK 
impacts pH decline by limiting the production of substrate for ATP regeneration systems 
(glycolysis, citric acid cycle, mitochondria & nucleotide recycling).  
The complex environment in early PM meat has made it difficult to determine specific 
metabolic events or conditions that can control the variation in the extent of pH decline. There is 
some evidence that the activity of PFK, AMP deaminase, and mitochondrial stability is 
associated with variation in pH decline below pH 5.5 (England et al., 2014; England et al., 2015; 
71 
 
   
 
Matarneh et al., 2017). The establishment of these molecular factors' contribution is necessary to 
understand subtle changes in pH decline that result in substantial variation in quality and value. 
Many studies conclude that the time to measure ultimate pH is at 24 hr PM, assuming 
that the carcass has completed rigor mortis and will no longer decrease in pH (Richardson et al., 
2018; Honegger et al., 2019). Yet, others have identified a more extended decline in pH and 
development of quality characteristics beyond 24 hr PM (Tarczyński et al., 2018). Therefore, 
defining a connection between glycolytic flux and glycolytic capacity in early PM muscle with 
ultimate pH will extend our understanding and control of subtle factors that affect pork quality. 
This is vital in the early detection of pork quality at 14 days PM, especially when the ultimate pH 
is <5.5.  
 Two unique hypotheses were proposed; 1) small variations in ultimate pH at 14 d PM 
will result in a significant difference in pork quality, and 2) natural variations in the glycolytic 
capacity are related to ultimate pH and detectable in metabolomic and proteomic profiles at 45 
min PM. The objectives are to determine the extent to which early PM proteome and 
metabolome influence ultimate pH and pork loin quality. 
Materials and Methods 
Sample preparation 
High and Low RFI (N=47) barrows from the 11th generation of the Iowa State University 
RFI selection project (Koch et al., 1963; Cai et al., 2008) were raised and harvested according to 
Outhouse et al. (2019) to ~125 kg body weight. Longissimus dorsi (LD) samples were excised 
from the rib on the left side, at 45 min PM. Carcasses were placed in a cooler at -2 ° C. Pork loin 
was removed from the right side of each carcass 1 d PM before being cut into chops and 
allocated into 1, 7, and 14 d aging times. Temperature and pH measurements were made on the 
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left side of the carcass at the 13th rib at 45 min and were used to sort carcasses into groups of 
normal (n=10) and low (n=10) ultimate pH categories.  
Temperature and pH 
A portable Hanna I9025 pH meter (Hanna Instruments, Woonsocket, RI) was calibrated 
and used for pH and temperature measurements. Calibration was done using a pH 7 buffer to 
ensure that the pH remained within the range of pH 7 + 0.05. pH was measured at the 13th rib on 
the left side, and the temperature was measured 5 cm cranial to the point of pH measurement at 
each time point: 0.75, 3, 6, 24 h. Chops (2.54 cm thick) were removed from the right side of the 
carcass, vacuum packaged, and aged for 14 d at 1° C in the dark. pH was measured on d 14 after 
chops were allowed to bloom for 15 min at room temperature (~22° C).  
Samples (N=47) were sorted according to d 14 pH, and a subsample of normal (pH, 
μ=5.59, 5.53-5.67; NpH, n=10) and low (pH, μ=5.42, 5.38-5.45; LpH, n=10) pH at 14 d PM 
were selected for proteomic and metabolomic analysis. Normal and low pH groups were denoted 
as NpH and LpH, respectively. Since these samples were from a previous project (Outhouse et 
al., 2019), NpH and LpH were balanced on the selection line (high and low residual feed intake). 
Therefore, five samples from each group (NpH and LpH) were from high residual feed intake, 
and five samples were low residual feed intake to ensure residual feed intake treatment did not 
impact NpH or LpH classification and analysis.  
Purge, Cook Loss, and Star Probe 
At 1 d PM, 2.45 cm chops were removed from the right side of the carcass, after Hunter 
color scores were measured, chops were placed in a sealed Ziploc™ bag and stored at 4 ° C. 
After 3 d of aging, chops were removed from the bag and weighed. Chop purge was calculated 
by ((chop wt. d 1 – chop wt. d 3) / chop wt. d 1) * 100. For star probe and cook loss analysis, 
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chops were vacuum packaged at 1 d PM and aged for 14 d in the dark at 1°C. After aging, chops 
were removed from the bag and weighed before being allowed to bloom for ~15 min at room 
temperature (approximately 22°C). Visible fat was removed from each chop before being cooked 
to 68 ° C on clamshell grills (Cuisinart, Conair Group) and set aside to cool at room temperature 
(approximately 22°C). Cooked chops were weighed immediately after cooking for cook loss 
using the following equation: [(raw wt. – cook wt.) / raw wt.] * 100, before cooling to room 
temperature. After cooling, an Instron (Instron Products, Grove City, PA) was used for 
mechanical tenderness measurements (Outhouse et al., 2019). A five-prong probe pierced chops 
to 20% of their original height and measured the weight (kg) of pressure used for the 
compression (Schulte et al., 2019). 
Color and Marbling 
After 14 d of aging, chops were removed from the vacuum seal bag and allowed to bloom 
for 15 min. Hunter L, a and b color values were determined (L: lightness, a: redness and b: 
yellowness) using a Hunter Minolta Colorimeter (CR-410; Konica Minolta Sensing Americas 
Inc., Ramsey, NJ) with a D65 light source, 50 mm aperture, and 0° observer. At 14 d PM, 
marbling and color scores were assigned by Outhouse et al. (2019) using standards established 
by the National Pork Board (2000) (Color: 6-point scale, 1 = pale pinkish-gray to white; 6 = dark 
purplish red; Marbling: 10-point scale, 1 = 1.0 % intramuscular fat; 10 = 10.0 % intramuscular 
fat).  
Desmin Degradation 
Densitometry analysis of immunoblots was used to quantify intact desmin, resolved in 
the whole muscle extracts from samples aged 1, 7, and 14 d. Whole muscle samples from d 1, 7, 
and 14 d PM were prepared according to Outhouse et al. (2019) for SDS-PAGE western blotting 
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analysis. The intensity of intact (55 kDa) desmin was standardized across gel as a ratio of the 
immunoreactive intact desmin bands from each sample to the intensity of the immunoreactive 
desmin from the intact band of the internal reference sample. All samples were run in duplicate.  
Two-Dimensional Difference in Gel Electrophoresis 
Samples from 45 min PM were snap-frozen immediately after excision in liquid nitrogen, 
then homogenized into a powder using a Waring Blender (Waring Commercial, New Hartford, 
CT) and stored until further evaluation in a -80°C cooler. Samples were prepared by 
homogenizing 3 grams of muscle with 10 mL of low ionic strength buffer (50 mM Tris-HCl, 1 
mM EDTA, pH 8.5) using a Polytron PT 3100 (Polytron, Lucerne, Switzerland). Homogenized 
proteins were centrifuged at 24,446 times g for 20 min at 4°C. Samples were poured into a 
second tube through cheesecloth to separate the supernatant from the pellet. Protein 
concentrations were determined (Lowry et al., 1951) using a Biorad DC Assay kit. Aliquots of 
samples were made at a protein concentration of 10 mg/mL sample using cold sarcoplasmic 
extraction buffer, and frozen. Equal parts of all samples (n=20) were pooled into aliquots for 
reference samples. Protein concentration consistencies were measured using 15% acrylamide, 
SDS Polyacrylamide Gel Electrophoresis (PAGE), and staining the gel with Colloidal Coomassie 
Blue stain (1.7% ammonium sulfate, 30% methanol, 3% phosphoric acid, and 0.1% Coomassie 
G-250). 
Samples from normal or low pH groups were organized, paired, and assigned to one of 
10 strips. The samples were then labeled with CyDye 3 or CyDye 5, alternating CyDye 3, and 
CyDye 5 between samples in the normal and low pH groups. A pooled reference sample was 
labeled with CyDye 2 and was included on each strip. Labeled samples and references contained 
a protein concentration of 7.14 mg/mL and were stored at -80 °C.  
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pH 3-10 & pH 4-7 Strip Rehydration 
Similar procedures for isoelectric focusing (pH 3-10 and pH 4-7) were used. All gels 
were run in duplicate. Labeled samples (30 µg the reference, NpH, and LpH) were combined 
(CyDye 2 reference, with CyDye 3 and CyDye 5 labeled samples; 90 µg total). Combined 
samples were added to rehydration solution (DeStreak, GE Healthcare, Piscataway, NJ) 
containing 1.5% IPG buffer, pH 3-10, or pH 4-7 (GE Healthcare, Piscataway, NJ) and 20 mM 1, 
4- Dithiothreitol (DTT) and mixed. This solution was applied to 11-centimeter immobilized pH 
gradient (IPG) strips pH 3-10 or 4-7 (GE Healthcare, Piscataway, NJ) in individual wells of a 
humidified rehydration chamber. The strips were rehydrated (15 h) in the dark at room 
temperature (~24°C).  
2D DIGE  
The first dimension focusing was achieved with an Ettan IPGphor isoelectric focusing 
system (GE Healthcare, Piscataway, NJ) using 11,500 volt-h (pH 3-10) or 14,000 volt-h (pH 4-
7). Strips were incubated (15 min) in equilibration buffer (50 mM Tris-HCl pH 8.8, 6 M urea, 
30% glycerol, 2% SDS, and trace amounts of bromophenol blue) with 67mM DTT. A second 
incubation (15 min) was in equilibration buffer with 135 mM iodoacetamide. Proteins were 
fractionated on 12.5% polyacrylamide gels (25.5x20.5 cm, 1.5 mm thick; acrylamide: N,N’- bis-
methylene acrylamide= 100:1 [wt/wt], 0.1% [wt/vol] SDS, 0.05% [vol/vol] tetramethylene 
diamine (TEMED), 0.05% [wt/vol] ammonium persulfate (AMPER), 0.5 M Tris-HCl pH 8.8) 
using an Ettan DALT SIX system (GE Healthcare, Piscataway, NJ). Gels were run 
(approximately 2500 volt-h) in a buffer containing 25 mM Tris, 192 mM glycine, 2 mM EDTA, 
and 0.1% [wt/vol] SDS. Gels were imaged using an Ettan DIGE Imager (GE Healthcare, 
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Piscataway, NJ). Protein abundance differences between groups were identified using Melanie 9 
software (Cytiva, Marlborough, MA, USA).  
Spot Identification 
Spots identified to be different between experimental groups (P<0.10) were chosen for 
identification (Figure 3.1). A pooled reference sample was used for protein spot identification. 
Polyacrylamide SDS PAGE gels (12.5%) were run as described with the 3-10 or 4-7 pH range 
with slight modification (1.15 mg of protein was and added to rehydration solution (DeStreak, 
GE Healthcare, Piscataway, NJ), prepared according to manufacturer's instructions by combining 
2% IPG buffer and 20 mM DTT) to isolate spots of interest.  
Gel slices were sent to the Iowa State University Protein Facility and digested with 
trypsin on the Investigator ProGest (Genomic Solutions) automated digester. The peptides are 
then separated by liquid chromatography (Thermo Scientific EASY nLC-1200 coupled to a 
Thermo Scientific Nanospray FlexIon source) and analyzed by MS/MS on a Thermo Scientific Q 
Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer (Schulte et al., 2020). Raw data are 
analyzed using Thermo Scientific's Proteome Discoverer Software. The data are searched using 
Mascot and Sequest HT against Sus Scrofa to identify proteins. 
Western Blotting 
Sarcoplasmic protein extractions were performed as described previously using cold 
sarcoplasmic extraction buffer (50 mM Tris-HCl, 1 mM EDTA, pH 8.5). Protein concentration 
was adjusted to 4 mg protein/mL in each sample using low ionic strength extraction buffer, 500 
μL of Wangs tracking dye (3 mM EDTA, 3 % [wt/vol] SDS, 30 % [vol/vol] glycerol, 0.01 % 
[wt/vol] pyronin-Y, 30 mM Tris HCl, pH 8.0) and 100 μL of mercaptoethanol (reduced samples) 
or 100 additional μL of tracking dye (non-reduced samples). All prepared samples were 
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vortexed, then reduced samples were heated to 50°C for 20 min. Non-reduced samples were not 
heated. All samples were stored at -80°C until further use.  
Polyacrylamide separating gels (10 cm x 10 cm; acrylamide: N,N’-bis-methylene 
acrylamide = 100:1 [wt/wt], 0.1% [wt/vol] SDS, 0.05% [vol/vol] tetramethylenediamine 
(TEMED), 0.05% 9 [wt/vol] ammonium persulfate (AMPER), 0.5 M Tris-HCl pH 8.8) were 
poured with a 5% stacking gel (10 cm x 3 cm; acrylamide: N,N’-bis-methylene acrylamide= 
100:1 [wt/wt], 0.1% [wt/vol] SDS, 0.125% [vol/vol] tetramethylenediamine (TEMED), 0.075% 
[wt/vol] ammonium persulfate (AMPER), 0.125 M Tris-HCl pH 6.8). Acrylamide percentages 
for each gel were dependent upon target antibody; peroxiredoxin-2 (10%), adenosine 
monophosphate (AMP) deaminase-2 reduced (15%), AMP deaminase-2 nonreduced (8%) and 
phosphofructokinase (PFK) (15%). Day zero (45 min), reduced and nonreduced reference 
samples were prepared by pooling equal parts from all 45 min gel samples.  
Gel samples and their references (40 mg of protein) were thawed, vortexed, and spun 
down before being loaded into individual wells. Proteins ran in a SE 260 Hoefer Mighty Small II 
electrophoresis units (Hoefer, Inc., Holliston, MA) at 120 volts for approximately 360 Volt-h, or 
until tracking dye was just running off the bottom of the gel. Running buffer (25 mM Tris, 192 
mM glycine, 2 mM EDTA, and 0.1% [wt/vol] SDS) was used to fill the back and top of the 
running unit. Gels were then placed on to polyvinylidene difluoride (PVDF) membranes with 
pore sizes of 0.2 μm (Immobilon-PSQ, 26.5 by 3.75 M RL, VCAT#ISEQ00010, Millipore 
Corporation, Billerica, MA). Gels were transferred using a TE-22 Mighty Small Transfer unit 
(Hoefer, Inc., Holliston, MA) combined with transfer buffer (25 mM Tris, 192 mM glycine, 2 
mM EDTA and 15% [vol/vol] methanol) (Carlson et al., 2017) at a constant 90 volts for 90 min 
at 4°C. Membranes containing the transferred proteins were incubated in PBS-Tween (80 mM 
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NaH2PO4, anhydrous, 20 mM NaH2PO4, 100 mM NaCl, 0.1% [vol/vol] polyoxyethylene sorbitan 
monolaurate [Tween-20]) for 60 min at 22°C mixed with 5% nonfat dry milk (NFDM). 
Membranes were incubated with primary antibodies diluted in PBS-Tween (Peroxiredoxin-2; 
1:20,000, Rabbit, monoclonal, Ab109367, Abcam (Cambridge, MA), Phosphofructokinase; 
1:40,000, Rabbit, monoclonal, Ab154804, Abcam (Cambridge, MA), AMP Deaminase-2;  
1:5,000, Mouse, monoclonal, Sc-100504, Santa Cruz Biotechnology (Dallas, TX)) (~15-20 h) at 
4°C. Membranes were incubated with secondary antibodies diluted in PBS-Tween (Goat anti 
Rabbit IgG (HRP); 1:10,000, 31460, Thermo Scientific (Rockford, IL), Goat anti-Mouse IgG 
(HRP); 1:10,000, A2554, Sigma Aldrich (St. Louis, MO)) for one h at room temperature 
(~22°C). Membranes were washed for 3 10-min intervals with PBS- Tween. A 
chemiluminescent detection kit (ECL Prime, GE Healthcare, Piscataway, NJ) was used to detect 
proteins. Densitometry of proteins was analyzed using a ChemiImager 5500 (Alpha Innotech, 
San Leandro, CA) and Alpha Ease FC software (v 4.0 Alpha Innotech). Phosphofructokinase, 
reduced AMP Deaminase-2, and peroxiredoxin-2 densitometry was analyzed as a ratio of the 
intensity of the sample immunoreactive band to the internal reference immunoreactive band. 
Nonreduced AMP Deaminase-2 was analyzed as a ratio of the intensity of the sample 
immunoreactive band to its respective immunoreactive band in the internal reference. Western 
blots were completed in duplicate. 
Nontargeted Metabolomics 
Total metabolite analysis was conducted at the W. M. Keck Metabolomics Research 
Laboratory (Ames, IA) using Agilent technologies model 6890 gas chromatograph coupled to a 
model 5973 mass selective detector (GC-MS). Ribitol and nonadecanoic fatty acid (10µL, 1.5 
mg/mL) were added to 100 mg of frozen (at -80°C) and homogenized sample. All preparation 
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steps were conducted on ice. Methanol was added (ice-cold HPLC grade; 500 μL) to the samples 
which were then sonicated (in an ice-cold water bath for 10 min), vortexed, and centrifuged (at 
16,300 times g, for 7 min at ~22°C). Chloroform was added (400 μL), and samples were 
vortexed before adding 0.34 mL HPLC grade water. Samples were vortexed, sonicated (in an 
ice-cold water bath for 10 min), and centrifuged (at 16,300 times g, for 7 min at ~ 22°C). The 
polar top and non-polar bottom portions were transferred to a GC vial for GC-MS derivatization. 
Extracts were dried using a speed vac overnight (~15 hr). After drying, samples were 
derivatized by adding 50 µl of freshly prepared methoxyamine hydrochloride (20mg/mL in 
pyridine) and incubated at 30°C for 90 min. Bis-trimethyl silyl trifluoroacetamide (70 µl) with 
1% trimethylchlorosilane (BSTFA+1% TMCS) was added for sialylation and incubated at 60°C 
for 30 min.  
Samples were run on the same instrument (Agilent Technologies Model 6890 GC 
coupled to Model 5975 MS) along with a hydrocarbon ladder that was used as a retention index 
calibrator. Sample separation was completed on a GC-MS column (Agilent-HP5MSI; 30 m × 
250 µM × 0.25 µM). The oven program used an initial temperature of 70°C for 0.5 min, a 
10°C/min ramp to 160°C and a 5.5°C/min ramp to 320°C with a final hold for 6.4 min. Inlet and 
interface temperatures were controlled at 280°C.  
The detection mass range was set to 40–600 m/z. The Agilent ChemStation software 
controlled the GC-MS. The National Institutes of Standards and Technology mass spectral 
library (NIST, 2017) served as references for metabolites that were identified using the total ion 
mass spectrum. The moles of ribitol (0.0098 µmol) and nonadecanoic acid (0.005 µmol) added 




   
 
Statistical Analysis 
Statistical analysis for pH, temperature, and quality (purge, cook loss, star probe, color, 
marbling, and intact desmin) was done with mixed procedures of SAS version 9.4 and fixed 
effects of 14 d pH classification. Infection status and line (RFI) were included as fixed effects 
and removed from the model when there was no statistical significance (P > 0.05). 
Phosphofructokinase, AMP deaminase-2 (reduced & non-reduced), and peroxiredoxin-2 were 
analyzed using the mixed procedure of SAS version 9.4 with fixed effects of 14 d pH 
classification (NpH or LpH), time PM (45 min or 14 d), and their interaction. Gel was used as a 
random effect in the model. Statistical significances (P < 0.05) or trends (P < 0.10) were reported 
for pH classification and time PM.  
The Statistical Analysis module of MetaboAnalyst 4.0 (Chong et al., 2018; Xia Lab, 
McGill, CA) analyzed metabolites as follows. Metabolites that contained > 80% missing values 
were removed from the data set. The K-Nearest Neighbor (KNN) method was used to replace 
missing values for metabolites that were not removed. The identified glycolytic metabolites were 
analyzed using a student's t-test, and differential abundance between NpH and LpH were 
reported as significantly different fold changes (FC=NpH/LpH; P < 0.1). Results from two-
dimensional DIGE were analyzed through Melanie 9 (Cytiva, Marlborough, MA, USA) using a 
paired t-test. Differential abundance between NpH and LpH were reported as fold changes 
(FC=NpH/LpH; P<0.15). 
Results 
Meat Quality, Temperature and pH Decline 
Day 14 pH was significantly different between classification groups (NpH, μ=5.59, 5.53-
5.67; LpH, μ=5.42, 5.38-5.45). Day 14 pH did not affect 45 min pH and only tended to affect 24 
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hr pH (P = 0.10) (Table 3.1). Normal pH chops had significantly lower star probe values (P < 
0.05). Normal pH chops were darker, with significantly lower Hunter L values (P < 0.05). Less 
purge loss (P < 0.05) and less cook loss (P < 0.05) was observed in the NpH compared with the 
LpH group (Table 3.2). These results were consistent with the observation of less intact desmin 
at day 7 (P < 0.05) and a tendency for less intact desmin at day 14 (P < 0.10) PM in the NpH 
group when compared with LpH. The temperature at 45 min, 3 hr, 6 hr, and 24 hr was not 
different between classifications (P > 0.10) (Table 3.1). Ultimate pH classification had no 
significant effect on marbling or Hunter a value (P > 0.10) (Table 3.2). 
Glycolytic Metabolite Abundance 
The focus of this study was on early PM energy metabolism. Therefore, the metabolites 
included in this discussion are those involved in glycolysis or the citric acid cycle. Metabolomic 
analysis of early PM samples identified 11 metabolites involved in glycolysis or the citric acid 
cycle (Table 3.6). Of those, fructose 6-phosphate (P = 0.06) and lactate (P = 0.09) were more 
abundant in LpH than in NpH. The NpH exhibited more pyruvate (P = 0.01) and malate (P < 
0.01). Additional significant (P < 0.10) polar and nonpolar metabolites are included in the 
supplemental table (S1). 
Sarcoplasmic Protein Abundance  
Analysis of 2D DIGE resulted in 117 spots for the 4-7 pH and 89 spots in the 3-10 pH. Of 
those, 11 total spots were selected for proteomic identification. Proteins of interest (8 proteins) 
were all higher in the NpH group versus the LpH group (Table 3.5). Differentially abundant 
proteins were involved in glycolysis, (Fructose Bisphosphate Aldolase (ALDO), Pyruvate Kinase 
(PK), Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH), β- enolase & L-lactate 
Dehydrogenase (LLDH)), muscle contraction (α-Actin) or heat shock regulation (α 2-Heat Shock 
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Glycoprotein & Heat Shock Protein 70 (HSP70)). The current study revealed a greater 
abundance of all proteins in the NpH group.  
Western Blot Analysis  
Peroxiredoxin-2 was significantly higher in the NpH than in LpH at 45 min PM (P = 
0.02), but no difference was detected at 14 days PM (P > 0.15) (Table 3.3). Regardless of pH 
classification, PFK decreased from 45 min to 14 days PM (P < 0.01). Reduced AMP deaminase-
2 was greater at 45 min PM (P < 0.01) when compared with 14 d PM (Table 3.4) when NpH and 
LpH groups were combined. 
Ultimate pH classification had no significant effect on the abundance of PFK at 45 min 
(P > 0.15) or 14 days (P > 0.10) PM between NpH and LpH (Table 3.3). Reduced AMP 
deaminase-2 was not significantly different at 45 min (P > 0.10) or 14 days (P > 0.15) PM 
(Table 3.3). Combined NpH and LpH peroxiredoxin-2 resulted in no difference between 45 min 
and 14 days PM (P > 0.15) (Table 3.4). Adenosine monophosphate deaminase-2 was evaluated 
on nonreducing gels and revealed four immunoreactive bands that were analyzed at 45 min PM 
(Figure 3.2). However, no significant differences were detected between ultimate pH groups (P > 
0.15) (Figure 3.2).  
Discussion 
Water Holding Capacity, Tenderness and Color Dependence on Ultimate pH 
 Postmortem pH decline influences the quality of fresh pork. For example, Subramaniyan 
et al. (2017) identified improved color scores, lightness, yellowness, drip loss, and shear force in 
high 24 hr pH (pH = 5.96 + 0.01) when compared to low pH (pH = 5.61 + 0.05) pork LD. 
Likewise, the current study identified fresh pork quality was better in the NpH group compared 
with the LpH, demonstrating that the subtle, but still higher (Table 3.1) day 14 pH of the NpH 
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group resulted in higher water holding capacity (purge loss & cook loss), better color (color 
score, lightness, & yellowness) and lower star probe values. Richardson et al. (2018) argue that 
pH at 24 hr PM does not influence the sensory characteristics of chops cooked to a high-end 
point cooking temperature (71ºC). However, the current study shows that day 14 pH 
measurements (cooked to 68ºC) do show differences in quality characteristics that may not have 
been identifiable at 24 hr PM.  
Degradation of intermediate proteins typically indicates changes in skeletal muscle 
structure that result in improved meat quality (Huff-Lonergan and Lonergan, 2005; Bee et al., 
2007). In support of this observation, there was a greater abundance of intact desmin in the 
current study's LpH group. Normal pH at 14 days PM improves conditions for more protein 
degradation. Quantification of proteases such as calpain can unravel the complicated relationship 
between pH decline and proteolysis.  
More proteolysis due to higher pH at 24 hr and 14 d PM is shown by desmin degradation 
at 7 and 14 d PM (Table 3.2). There was no observed difference in intact desmin at 24 hr, yet pH 
tended to be higher in the NpH group at that time. At d 7, there was less intact desmin in the 
NpH group and still tended to be lower at d 14. These observations may be because calpain 
activity is pH-dependent (Bee et al., 2007). Notably, Calpain-1 activity is greater at higher pH 
(>6.5; Carlin et al., 2006). It is possible that calpains were more active in the NpH at ~24 hr PM, 
resulting in differences in desmin degradation at d 7 and d 14.  
Peroxiredoxin-2 observed at 45 min PM in the current study may have contributed to 
quality variations between the NpH and LpH groups. Several studies have identified a greater 
abundance of peroxiredoxin-2 in tough pork after 8 d aging (Carlson et al., 2017; Schulte et al., 
2020). Active peroxiredoxin can inhibit oxidative stress by eliminating peroxides that could 
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increase protein oxidation (Joseph et al., 2012). Peroxiredoxin-2 that was more abundant in high 
star probe classifications was attribute differences in peroxiredoxin-2 as being a result of 
antemortem oxidative stress (Carlson et al., 2017; Schulte et al., 2020). However, in the current 
study, peroxiredoxin-2 was more abundant at 45 min PM in the NpH group, with no differences 
at 14 d PM. Peroxiredoxin-2 may have reduced oxidation in the early PM environment, rather 
than in the later PM environment. Protected cellular functions may have included calpain, as 
some have shown that calpain activity will decrease with more oxidation (Carlin et al., 2006). 
Additionally, more heat shock proteins identified in the NpH group at 45 min PM may 
support proteolysis later PM. Some have identified that heat shock could be used as biomarkers 
for tenderness (Picard and Gagaoua, 2020). These proteins may prevent protein aggregates that 
would decrease proteolysis capabilities (Morzel et al., 2006). Yet, Lomiwes et al. (2014) showed 
that small heat shock proteins would decrease calpain activity. Further, Picard et al. (2014) found 
HSP70 to be a useful biomarker for decreased tenderness in beef. Nevertheless, this may indicate 
that heat shock proteins at 45 min PM may contribute to protecting cellular functions and 
structures in the current study. These factors could, therefore, contribute to more desmin 
degradation of the NpH group.   
Degradation of intermediate filament proteins increases the volume of the muscle fiber. 
The increased volume provides space for fluid to be held in the resolution of rigor (Hughes et al., 
2014). Increased cellular volume results in the improved tenderness and water holding capacity 
observed in the NpH group of this study (Table 3.2). Further investigation into the abundance of 
calpain and its endogenous inhibitor, calpastatin, may support the hypothesis that proteolysis 
allows for extra myofibrillar space to hold sarcoplasmic fluid that can increase juiciness, 
tenderness, and color of the NpH products.  
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The observed improved color and WHC the NpH samples can be due to excess water-
soluble, sarcoplasmic fluid at 14 days PM (Mancini and Hunt, 2005; Schiaffino and Reggiani, 
2017). Sarcoplasmic fluid would include myoglobin, a significant protein contributing to fresh 
meat color (Mancini and Hunt, 2005). Myoglobin can be held in instances of limited transverse 
shrinkage and excess cellular volume of higher pH samples. Excess drip loss and purge loss of 
low pH samples in the current study were observed and support this hypothesis (Table 3.2). 
Sarcoplasmic proteins will precipitate at a lower pH, closer to the isoelectric point of major 
muscle proteins such as myosin (pI=5.4) (Huff-Lonergan and Lonergan, 2005). When pH is near 
the isoelectric point, positive and negative charges are nearly equal. This allows protein 
denaturation, causing structures in the myofibril to collapse, reducing cellular volume for water- 
and water-soluble proteins, like myoglobin, to be held.  
Mitochondrial function has an impact on meat color stability that could also have 
contributed to the observations in this study. When the sixth coordination site of myoglobin 
binds to oxygen, myoglobin is oxygenated (Mancini and Hunt, 2005). Low oxygen consumption 
promotes formation of metmyoglobin, which can result in discoloration (Mancini and Hunt, 
2005). Tang et al. (2005) provided in vitro evidence that bovine cardiac muscle maintained 
oxymyoglobin when mitochondria had an extended function, measured by more oxygen 
consumption. Further, Mitacek et al. (2019) attributed decreased color stability in aged beef to 
increased mitochondrial damage.  
This observation indicated that mitochondria might influence color stability through both 
oxygen consumption and the production of proton donors that will affect myoglobin oxidative 
stability (England et al., 2018). Oxygen is consumed by mitochondria to maintain energy 
metabolism. Granted, samples from the current study were in a vacuum package. They would not 
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have been exposed to excess oxygen throughout aging. Yet, mitochondrial function variations 
may contribute to color stability in different circumstances. In the presence of oxygen, 
mitochondria produce NADH and FADH2 from the citric acid cycle that helps to maintain the 
reduced state of myoglobin (Mitacek et al., 2019). Low pH in vitro decreases mitochondrial 
oxygen consumption and NADH production (Mitacek et al., 2019; Tang et al., 2005).  
Peroxiredoxin-2 abundance at 45 min PM could be associated with fresh pork color at 14 
d PM (Table 3.3). The current study showed a greater abundance of early PM peroxiredoxin-2 in 
the NpH group (Table 3.3). This antioxidant protein may have contributed to early PM oxidative 
stability and improved color in the NpH group. Joseph et al. (2012) have shown that 
peroxiredoxin-2 is associated with improved color stability. This could be related to higher color 
scores and darker chops observed in the current study. However, color stability was not 
measured.  
Energy Metabolism Relationship with pH Decline 
The sarcoplasmic proteome of early PM meat can influence the metabolism and 
progression towards the onset and completion of rigor. These factors can contribute to the 
variation of fresh pork quality. Glycolysis, the citric acid cycle, and PM temperature decline play 
a significant role in PM pH decline in meat. Unsurprisingly, several proteins were significantly 
different between the two pH groups.  
Western Blot Analysis of Key Metabolic Enzymes 
Differences in abundance and activity of these enzymes are related to PM muscle 
metabolism (England et al., 2014; England et al., 2015). Limited differences in the current study 
(Table 3.5) show that subtle variation in ultimate pH may not rely on enzyme abundance, but 
activity. However, further analysis of enzyme activity is still necessary. Non-reduced AMP 
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deaminase-2 results in four distinct bands with considerable variation in band abundances. 
Proteins that are non-reduced are still in their disulfide, non-reduced forms. The hypothesis was 
that the four bands in the non-reduced gels are the four subunits of 45 min PM AMPD-2 and 
could be used to identify differences in PM metabolism (Figure 3.2). If non-reduced AMPD-2 
was crosslinked with arbitrary proteins in the sample, the proteins would not have migrated to 
four distinct molecular weights. These bands may, therefore, indicate some biological 
significance in relation to the abundances of the four AMP deaminase-2 subunits. However, no 
differences were detected in the current analysis of band abundance between NpH and LpH 
groups. Yet, there was still a large amount of variation that may have shown significance with 
more samples. Analysis of protein abundance from 45 minutes to 14 days PM did show the 
combined average both classification groups of reduced AMP deaminase-2, and PFK increased 
and decreased in abundance, respectively (Table 3.4) potentially a result of changes in protein 
expression or degradation (Huff-Lonergan et al., 2010; Lametsch et al., 2003).    
Pyruvate conversion to Lactate or the Citric Acid Cycle 
 Pyruvate kinase catalyzes the conversion of phosphoenolpyruvate and adenosine 
diphosphate (ADP) to pyruvate and ATP. This enzyme is an essential rate-limiting enzyme of 
glycolysis (Matarneh et al., 2017). Pyruvate kinase is related to quality development because its 
tolerance of pH decline can vary with post-translational modifications (Schwägele et al., 1996). 
For example, a faster rate of pH decline (as defined by pH at 3 hr PM) was associated with 
phosphorylation of PK (Huang et al., 2011). Other modifications may influence PM PK activity. 
Pyruvate kinase activity was greater at 1 h PM in PSE pork when compared with red firm and 
nonexudative (RFN) pork, potentially due to more nitrosylation levels of the RFN pork (Wang et 
al., 2020). More phosphorylation and less nitrosylation in pale soft and exudative pork are 
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observed, therefore, because it may increase the enzyme's activity and extend PM glycolysis 
(Schwägele et al., 1996; Wang et al., 2020). In the current study, a greater abundance of PK at 45 
min was in conjunction with a greater abundance of pyruvate in the NpH group. Conversely, 
some have determined that PK activity has a limited role in PM glycolysis (Allison et al., 2003; 
England et al., 2014). The analysis of increased pyruvate with decreased glycolytic capacity in 
the NpH group at 45 min, therefore, should be evaluated in conjunction with LDH and lactate 
abundances.   
Lactate dehydrogenase catalyzes the reversible oxidation of pyruvate and NADH to 
lactate, NAD+, and H+. Some have identified a greater abundance of LDH in the glycolytic 
muscle (Krischek et al., 2019) in addition to a greater activity of LDH in low-quality LD, defined 
by pH and WHC (Cho et al., 2016). Lactate dehydrogenase converts pyruvate to lactate; 
pyruvate would otherwise be converted to acetyl CoA and enter into the citric acid cycle within 
mitochondria. In living muscle, the rate at which lactate is produced is dependent on oxygen 
availability to the muscle, which can be used for aerobic metabolism, and energy demands that 
can vary depending on physical work (Westerblad et al., 2010). In early (45 min) PM meat 
environment, energy demands are high because the body is trying to maintain homeostasis, and 
oxygen may still be available but is no longer being transported to the muscle. In the current 
study, lactate abundance at 45 min PM corresponded to the low ultimate pH of the LpH group 
despite the greater abundance of L-LDH in the NpH group. The greater abundance of both L-
LDH and PK in the NpH samples (Figure 3.5) can be at least a partial explanation of the greater 
concentration of pyruvate and the lesser concentration of lactate in the NpH group (Figure 3.6).   
These results indicate that a greater accumulation of lactate in the LpH group is most 
likely a result of the extended PM enzymatic activity. Also, LDH consumes protons to reduce 
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pyruvate to lactate. Therefore, LDH activity buffers the system and delays H+ accumulation as a 
result of lactic acidosis (Scheffler et al., 2011). This supports the fact that this study has 
identified that the LpH group can accumulate more lactate at 45 min PM with no differences in 
45 min pH. Matarneh et al. (2015) have shown comparable results in the longissimus lumborum 
of pigs with the AMPKγ3R200Q mutation.  
The AMPKγ3R200Q mutation consistently causes low ultimate pH in fresh pork. Loins 
from these pigs had similar lactate levels at 24 hr PM as loins from wild type pigs, while the wild 
type pigs had higher ultimate pH (Matarneh et al., 2015). These researchers contributed this 
observation in part to an improved buffering capacity of the wild type pigs, as defined by the 
change in NaOH/g of tissue divided by the corresponding change in pH. Further, Matarneh et al. 
(2015) explained that net lactate from 0 to 24 hr PM, in addition to buffering capacity, will 
determine the ultimate pH. Therefore, H+ are accumulated as a result of lactate production, but 
this measurement may not indicate pH, as shown in the current study. Lactate accumulation at 45 
min PM only means that loins in the LpH group had the better potential for lower ultimate pH 
throughout the conversion of muscle to meat. In other words, lactate measurements at a single 
time point (45 min PM) may not directly equate to lower pH at that time. The accumulation of 
lactate over time will result in lower pH values. This may be the explanation for the differences 
in pH observed in this study at 14 d PM but not 45 min, 3 hr, or 6 hr.  
Structural Protein Maintenance of Glycolytic Enzyme Function 
α –Actin was more abundant in the sarcoplasmic extract of meat from the NpH group. 
Two explanations for this observation are 1) increased degradation of proteins early PM; 2) 
fewer actomyosin cross-bridges were formed at 45 min PM. α-Actin was identified in 4 spots 
across the two pH strips (Figure 3.1 & Figure 3.3). Actin solubility, therefore, has an association 
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with the ultimate pH. Similar results have shown several spots of soluble actin from pork LD 
negatively correlated with shear force (Lametsch et al., 2003). Skeletal muscle structure can 
significantly impact the stability and activity of several glycolytic enzymes (Beitner, 1993; 
Ertbjerg & Puolanne, 2017; Roberts & Somero, 1987). Therefore, the association of actin 
solubility to extended PM glycolysis may indicate mechanisms behind glycolytic protein activity 
in the early PM period. 
The accumulation of fructose 6-phosphate in the early PM LpH samples is an important 
observation (Figure 3.4). England et al. (2014) showed that PFK activity decreases with pH 
decline in an in vitro system. In that study, PFK was no longer active when the pH reached 5.5. 
Conversely, the current study shows that all of the LpH samples and several NpH samples were 
below pH 5.5. This means that some mechanisms can maintain PFK activity, or that there were 
enough substrates in the pipeline when pH reached 5.5. Further, Roberts & Somero (1987) have 
identified that filamentous actin can maintain PFK activity in an acidic environment like in PM 
meat.  
A greater amount of substrate (fructose 6-phosphate) that can pass PFK will lead to more 
glycolytic flux and low ultimate pH (England et al., 2014). In the current study, a more 
significant accumulation of fructose 6-phosphate was observed in the LpH group. This is despite 
western blots confirming that PFK abundance was similar at both 45 min and 14 d PM (Table 
3.3). These results indicate that more fructose 6-phosphate was able to pass PFK at 45 min PM in 
the NpH group. One explanation may be that when pH is still high, the substrate can clear PFK 
more quickly in the NpH. In other words, fructose 6-phosphate accumulation in LpH may have 
been due to structural restraint from myofibrils, identified by less soluble actin limiting the 
conversion of fructose 6-phosphate to fructose 1,6-bisphosphate. This structural restrain would 
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prove helpful to extend glycolysis in the LpH samples and enable a low pH at 14 d PM (Beitner, 
1993; Ertbjerg & Poulanne, 2017).  
Heat shock proteins play a dynamic role in early PM metabolism, and as discussed 
previously, they are associated with fresh pork quality traits such as tenderness (Ma et al., 2020). 
Soluble proteins in the NpH group had a greater abundance of HSP 70 and α2-heat shock 
glycoprotein (Table 3.5). These proteins are chaperones, meaning they assist in protein 
functional and structural maintenance (Ross et al., 2015). Heat shock protein 70 is reported to 
have anti-apoptotic functions. Of those, anti-apoptotic proteins are identified to be closely 
associated with mitochondria (England et al., 2013; Picard et al., 2010). This could mean that 
increased HSP 70 will enable the cell to handle stress like apoptosis and oxidation  of 
mitochondria (Grubbs et al., 2014), resulting in higher quality products.  
A greater abundance of heat shock proteins in the NpH group is in contradiction to other 
reports, identifying these stress-related proteins in lower quality pork longissimus thoracis 
samples (Di Luca et al., 2013). Poleti et al. (2018) also reported a greater abundance of HSP 70 
in beef longissimus thoracis with normal pH classification (< pH 5.8) versus the high pH 
classification (> pH 6.0). The current study showed more abundance of soluble HSP 70 in the 
NpH group, potentially a result of differences in localization of early PM proteins between the 
NpH and LpH groups.  
 Heat shock protein in soluble fraction might indicate a greater abundance of 
mitochondria or disruption of mitochondria (Schulte et al., 2020). Further, loins in the LpH 
group may have exhibited more effective anti-apoptotic capabilities. This is because 
mitochondria may have a closer association with myofibrils, thus altering the function of 
mitochondria in the early PM environment. This hypothesis is supported by a study in mice that 
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mitochondrial respiration significantly decreases with less intermediate filament linking 
mitochondria to the z-disk (Milner et al., 2000).  
Alternatively, loins in the NpH group could simply have a greater abundance of these 
heat shock proteins that extend anti-apoptotic activity in PM meat (Poleti et al., 2018). Under 
these conditions, pyruvate could be cleared to functional mitochondria and be metabolized in the 
citric acid cycle. Clearance of pyruvate would result in less total production of lactate observed 
at 45 min in the NpH group.  
Additional Abundant Soluble Proteins 
Metabolite profile in muscle during the early PM period can inform the context of the 
dynamic changes that occur in the conversion of muscle to meat. The current study identifies 
several glycolytic proteins that were all more abundant in the NpH group. This observation 
contradicts other reports that associate more glycolytic proteins to be in conjunction with more 
glycolytic potential and lower quality meat (Álvarez et al., 2019; Boudon et al., 2020; Chauhan 
& England, 2018). Therefore, glycolytic enzymes identified at 45 min PM should be analyzed on 
an individual basis to understand their relationship with pH decline and pork quality.  
Fructose bisphosphate aldolase (ALDO) catalyzes the conversion of fructose 1,6 
bisphosphate into dihydroxyacetone phosphate and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH). There was a greater extent of phosphorylation of ALDO in pork that demonstrated a 
rapid pH decline in a study by Huang et al. (2011). Maintained ALDO activity in the LpH group 
might be a result of phosphorylation. The greater abundance of ALDO in the NpH group of this 
study (Table 3.5) might be explained by less ALDO solubility in the LpH group. A complex of 
fructose 1,6-bisphosphate and ALDO around the z-disk and may alter the signaling and activity 
of fructose 1,6-bisphosphate (Rakus et al., 2004). Therefore, a greater abundance of sarcoplasmic 
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ALDO in the NpH loins may indicate variations in molecular complexes causing changes in 
glycolytic molecule signaling. 
Glyceraldehyde 3-phosphate dehydrogenase catalyzes the conversion of glyceraldehyde 
3-phosphate and NAD+ to 1,3 bisphophsoglycerate and NADH. Kim et al. (2019) identified a 
greater abundance of GAPDH in the medial region of the pork's longissimus muscle and 
concluded that GAPDH might contribute to color variations in pork loins. Moreover, several 
studies have revealed a greater abundance of GAPDH in glycolytic muscles (Damon et al., 2012; 
England et al., 2016). However, in the present study, it was shown that despite LpH samples 
having presumably higher glycolytic capacity, one spot of GAPDH was identified as more 
abundant in the NpH group of the 3-10 pH strip (Figure 3.1 & Figure 3.3).  
ß enolase is the muscle-specific isoform of enolase, catalyzing the hydrolysis of 2-
phosphoglycerate to phosphoenolpyruvate. A previous study has identified greater amounts of ß 
enolase in early PM pork LD samples with lower 24 hr PM pH (pH 5.55 + 0.03) and lower WHC 
(Subramaniyan et al., 2017). These findings are in contradiction to the current results that 
showed more abundance of ß enolase in the NpH group (Figure 3.3). Clark et al. (2002) revealed 
that ß-enolase could bind to the M-line, creating a glycolytic complex. Keller et al. (2000) 
identified ß-enolase at the M-line and hypothesized that this localization might contribute to ATP 
production. Changes in the solubility of this protein may, therefore, be associated with variations 
in protein activity (Di Luca et al., 2013), which means that this structure may maintain PM 
glycolytic metabolism and explain a lesser abundance of ß enolase in the soluble, sarcoplasmic 





   
 
Conclusion 
Subtle differences in day 14 pH were a good indicator of fresh pork loin quality. 
Improved quality traits were supported by increased protein degradation in normal day 14 pH 
meat. Therefore, potential mechanisms behind less extreme variations in pH decline were 
identified. Peroxiredoxin-2 differences at 45 min PM may contribute to variation in oxidation 
(Joseph et al., 2012). This may be one explanation for lesser star probe, better color scores, and 
darker samples in the NpH group. Further, heat shock proteins identified in the NpH group may 
reflect anti-apoptotic functions, thus supporting PM activity of proteolytic enzymes or 
mitochondria, which could be related to proteolysis, tenderness, color development, and PM pH 
decline (Matarneh et al., 2018; Tang et al., 2005).  
The identification of myofibrillar proteins in the low ionic strength extraction provides 
insight into extended PM pH decline and glycolytic capacity. It could be that glycolytic enzyme 
abundance and activity and metabolites, can be assessed in conjunction with portions of soluble 
myofibrillar proteins. Metabolites such as pyruvate and malate that were more abundant in the 
NpH group may indicate early inactivation of critical metabolic enzymes. Metabolite 
accumulation in the NpH group included pyruvate and malate. Metabolite abundances are not 
consistent with glycolytic enzyme solubility, suggesting that activity rather than soluble protein 
abundance will determine glycolytic capacity.  
Explanations for pyruvate and malate abundances in NpH could be due to more 
significant mitochondrial content and stability, or improved regulation by heat shock proteins 
compared to the LpH group. Postmortem activity of PFK deserves further analysis because of the 
low ultimate pH of PM meat (< 5.5) and the association of PFK with actin filament (England et 
al., 2014; Roberts & Somero, 1987). Lesser soluble actin will result in a more exceptional ability 
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for the LpH group to continue through glycolysis and accumulate more lactic acid. Nevertheless, 
early PM solubility of glycolytic enzymes in the NpH group shows that enzyme activity should 
be assessed when determining the ultimate pH. 
Proteomic results, therefore, in conjunction with metabolite abundances create the 
following hypotheses for further investigation: 1) Metabolic enzymes from early PM samples 
bind to myofibrillar proteins, resulting in lower protein solubility and maintained glycolytic 
activity of samples that ultimately result in low pH 2) Passage of pyruvate to lactate may be 
related to soluble lactate dehydrogenase and pyruvate kinase, and mitochondria function which 
can play a significant role in glycolysis and pH decline resulting in small yet significant 
variations in ultimate pH. 
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Tables and Figures 
 
Table 3.1 Summary of pork longissimus dorsi pH and temperature (°C) measurements between 
d 14 postmortem pH classified as normal pH (pH, μ=5.59, 5.53-5.67) and low pH (pH, μ=5.42, 
5.38-5.45). 
 Normal pH (n=10) Low pH (n=10) P-Value SEM 
45 min pH 6.39 6.44 0.64 0.06 
3 hr pH 5.99 5.91 0.48 0.08 
6 hr pH 5.78 5.69 0.38 0.07 
24 hr pH 5.62 5.56 0.08 0.02 
14 d pH 5.59 5.42 <0.01 0.01 
45-min temp 39.98 39.10 0.17 0.43 
3-hr temp 23.77 24.79 0.29 0.66 
6-hr temp 11.70 12.35 0.32 0.45 
24-hr temp 0.04 0.04 0.32 0.02 
































   
 
Table 3.2 Summary of pork longissimus dorsi quality measurements between d 14 postmortem 
pH classified as normal pH (pH, μ=5.59, 5.53-5.67) and low pH (pH, μ=5.42, 5.38-5.45).  
 Normal pH (n=10) 
Low pH 
(n=10) P-Value SEM 
Star Probe (kg)4 5.36 6.41 <0.01 0.20 
Average Chop Purge %6 2.40 3.84 <0.01 0.32 
Cook Loss %3 20.21 22.81 0.03 0.77 
Color Score1 3.2 2.8 0.06 0.16 
Hunter L 47.63 50.59 <0.01 0.67 
Hunter a 15.03 15.06 0.92 0.27 
Hunter b 6.74 7.58 0.02 0.23 
Marbling2 2.1 2.0 0.66 0.24 
Intact Desmin Intensity7     
     D1 Postmortem  4.11 4.72 0.28 0.38 
     D7 Postmortem  1.78 3.39 0.02 0.45 
     D14 Postmortem 1.43 2.36 0.06 0.33 
Myosin Heavy Chain IIb (%)5 77.86 79.59 0.84 5.81 
Myosin Heavy Chain IIa+IIx 
(%)5 22.14 19.85 0.78 5.79 
Subjective color and marbling, cook loss, and star probe were evaluated on chops aged 14 d. 
1National Pork Board standards, 6-point scale (1 = pale pinkish-gray to white; 6 = dark purplish-
red).  
2National Pork Board standards, 10-point scale (1 = 1.0% i.m. fat; 10 = 10.0% i.m. fat). 
3Cooked to an internal temperature of 68°C; % cook loss = [(raw weight − cooked weight)/raw 
weight] * 100.  
4Force utilized to compress sample to 20% of its original height.  
5Proportion of myosin heavy chain detected as type IIa + IIx or IIb based on SDS–PAGE 
migration. Protein samples prepared from longissimus dorsi muscle removed from the carcass at 
45 min postmortem (Carlson et al., 2017b).  
6 Purge loss % = [(initial weight (day 1) − final weight (day 3))/initial weight] * 100. 
755 kDa intact immunoreactive band was measured as a ratio to the intensity of the 
















   
 
Table 3.3 Western blot analysis of phosphofructokinase (PFK), peroxiredoxin-2, and AMP 
deaminase-2 between d 14 postmortem pH groups, classified as normal pH (pH, μ=5.59, 5.53-
5.67) and low pH (pH, μ=5.42, 5.38-5.45). The analysis was from 45 min and 14 d postmortem 
pork longissimus dorsi sarcoplasmic samples run on SDS-PAGE gels. Samples were measured 
using densitometry. Effect of pH classification was measured on PFK, peroxiredoxin-2, and 
AMP deaminase-2 as the band area normalized as a ratio to an internal reference sample (made 
by pooling 45 min postmortem sarcoplasmic samples).  
 Normal pH (n=10) 
Low pH 
(n=10) P-Value SEM 
Phosphofructokinase     
     45 min, 23 kDa band  0.94 0.97 0.65 0.05 
     14 d, 23 kDa band 0.75 0.63 0.29 0.07 
Peroxiredoxin-2     
     45 min, 22 kDa band  1.20 0.83 0.02 0.1 
     14 d, 22 k Da band 1.15 1.29 0.63 0.21 
AMP Deaminase-2     
     45 min, 70 kDa band 1.08 0.84 0.36 0.18 






























   
 
Table 3.4 Effect of time analysis of phosphofructokinase (PFK), peroxiredoxin-2, and AMP 
deaminase-2 at 45 min and 14 d postmortem using combined (NpH with LpH) mean pork 
longissimus dorsi sarcoplasmic samples run on SDS-PAGE gels. Samples were measured using 
densitometry. Bands were measured as a ratio to an internal reference sample (made by pooling 
45 min postmortem sarcoplasmic samples).  
 45 minutes 
postmortem 
14 days 
postmortem P-Value SEM 
Phosphofructokinase     
     23 kDa band 0.95 0.69 <0.01 0.05 
Peroxiredoxin-2     
     22 kDa band 1.01 1.22 0.24 0.12 
AMP Deaminase-2     



































   
 
Table 3.5 Proteomic analysis of the differentially abundant proteins from the sarcoplasmic 
fraction at 45-minute postmortem pork longissimus dorsi samples. Classifications on d 14 pH 
were normal pH (pH, μ=5.59, 5.53-5.67) and low pH (pH, μ=5.42, 5.38-5.45). Fold change is 
shown as NpH/LpH. 
 
 Spot ID  Spot # Fold Change P-value 
Glycolysis Fructose Bisphosphate Aldolase (ALDO)   1521 1.25 0.04, 
 Fructose Bisphosphate Aldolase (ALDO)  1561 1.29 0.07 
 Fructose Bisphosphate Aldolase (ALDO)  1551 1.30 0.07 
 Fructose Bisphosphate Aldolase (ALDO)  1511 1.27 0.09 
 Pyruvate Kinase (PK)   1241 1.25 0.05 
 Pyruvate Kinase (PK)   1211 1.15 0.10 
 Pyruvate Kinase (PK)   632 1.52 0.08 
 Glyceraldehyde 3-Phosphate 
Dehydrogenase (GAPDH)  
 571 1.49 0.02 
  β-enolase   392 1.50 0.08 
 L-lactate Dehydrogenase (L-LDH)   491 1.56 0.03 
Heat Stress Heat Shock Protein 70 (HSP70)  791 1.44 0.13 
  α 2-Heat Shock Glycoprotein  1281 1.33 0.06 
Contraction  α-Actin   861 1.93 0.01 
 α-Actin  412 2.07 0.04 
 α-Actin  402 2.32 0.04 
 α-Actin  422 1.76 0.06 
1 IPG strip, pH 3-10 























   
 
Table 3.6 Nontargeted analysis of glycolytic and citric acid cycle metabolites that were 
identified at 45 min postmortem pork longissimus dorsi samples. Classification were between d 
14 postmortem pH classified as normal pH (pH, μ=5.59, 5.53-5.67) and low pH (pH, μ=5.42, 
5.38-5.45). Fold change is shown as NpH/LpH. 
Pathway Metabolite Fold Change P-Value 
Glycolysis Glucose 0.90 0.67 
 Glucose 6-Phosphate 1.42 0.23 
 Fructose 6-Phosphate 0.78 0.08 
 Fructose 1,6-Bisphosphate 1.45 0.52 
 Glycerate 3-Phosphate 1.39 0.11 
 Lactate 0.59 0.09 
 Pyruvate 1.98 0.01 
Citric Acid Cycle Citrate 1.19 0.58 
 Succinate 1.08 0.72 
 Fumarate 1.34 0.19 






































Figure 3.1  
Spot identification of 2D DIGE from the sarcoplasmic fraction of 45 min postmortem pork 
longissimus dorsi between d 14 postmortem pH classified as normal pH (pH, μ=5.59, 5.53-5.67) 
and low pH (pH, μ=5.42, 5.38-5.45). Spots correspond to numbers in image A) IPG strip pH 3-
10 and B) IPG strip pH 4-7. Fructose bisphosphate aldolase (ALDO) (Spot 152, 156, 155, 151), 
pyruvate kinase (PK) (Spot 124, 121, 63), α 2-Heat Shock Glycoprotein (Spot 128), 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Spot 57), L-Lactate dehydrogenase 
(LLDH) (Spot 49), HSP 70 (Spot 79), β enolase (Spot 39) & α-Actin (Spot 86, 41, 40, 42). 
Figure 3.3 shows the spot abundances. CyDye labeled protein was loaded onto the 11 cm IPG 
strips and run on a 12.5% SDS-PAGE gel. Proteins in this image are labeled with Cy5. 
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Band 1 0.87 0.62 0.37 0.2 
Band 2 1.14 1.04 0.81 0.29 
Band 3 0.83 0.73 0.51 0.11 
Band 4 0.83 0.73 0.84 0.17 
 
 




Western blot analysis of 45 min postmortem nonreduced AMP Deaminase-2 between d 14 
postmortem pH classified as normal pH (pH, μ=5.59, 5.53-5.67) and low pH (pH, μ=5.42, 5.38-
5.45) of non-reduced AMP deaminase-2. Nonreduced AMP deaminase-2 bands were quantified 
as the band densitometry (area) in a ratio to its corresponding band in the internal reference 






























































Figure 3.3  
Reduced AMP deaminase-2 (70 kDa), peroxiredoxin-2 (22kDa), and phosphofructokinase (23 
kDa) bands were quantified by measuring the densitometry (area) as a ratio to the band of the 
internal reference sample (made by pooling 45 min postmortem sarcoplasmic samples). Reduced 
AMP deaminase-2 (A), peroxiredoxin-2 (B) and phosphofructokinase (C) were analyzed in 45 
min and 14 d postmortem samples. Classification of samples was on d 14 postmortem pH as 
normal pH (pH, μ=5.59, 5.53-5.67) and low pH (pH, μ=5.42, 5.38-5.45).  
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Supplemental Table 1 
Metabolites identified from pork longissimus dorsi samples using GC-MS. The abundance of 
each polar metabolite was normalized with moles of ribitol (0.0098 µmol) and nonpolar 
metabolites were normalized with moles of nonadecanoic fatty acid (0.005 µmol). The National 
Institutes of Standards and Technology mass spectral library (NIST, 2017) served as references 
for metabolites that were identified using the total ion mass spectrum. pH classifications were 
between d 14 postmortem pH classified as normal pH (pH, μ=5.59, 5.53-5.67) and low pH (pH, 





Polar   
     N,O-Bistert-butyldimethylsilylcarbamate 1.92 0.03 
     Glycolic acid 2.35 0.04 
     1,2-ethanediamine, N1-2-bistrimethylsilylaminoethyl-N1,N2,N2-
tristrimethylsilyl 1.31 0.04 
     Ethanimidic acid 1.28 0.04 
     phosphoric acid 1.73 0.05 
     Phosphoric acid, 2-isothiocyanatoethyl bistrimethylsilyl ester  0.52 0.05 
     Adenine 1.61 0.05 
     Glycerol 1-phosphate 1.16 0.05 
     L-Glutamine 0.62 0.05 
     Glycerol-2-Phosphate, Phosphoric acid, 2-trimethylsiloxy-1-
trimethylsiloxymethylethyl bistrimethylsilyl ester 1.31 0.06 
     1,2,3,4,5,6-Hexamethylcyclohexane 1.57 0.07 
     D-Fructose, 1,3,4,5,6-pentakis-O-trimethylsilyl-, O-methyloxime 0.79 0.08 
     Myo-Inositol 1.28 0.09 
Non-Polar   
     9,12-Octadecadienoic acid  1.12 0.03 





   
 
CHAPTER 4.     GENERAL CONCLUSION 
It is challenging to predict fresh pork quality early postmortem. This issue makes it 
difficult to accurately label and market pork products for retailers, chefs, purveyors, and 
consumers. Research has indicated that while a variety of variables can impact fresh pork 
quality, ultimate pH is consistently a good indicator for tenderness, water holding capacity, and 
color (Boler et al., 2008). This work evaluated the utility of using early postmortem metabolic 
features to identify ultimate pH and pork quality.  
A subset of pork longissimus dorsi (LD) samples was first used to determine if slight 
differences in d 14 postmortem pH will result in variation in pork quality. Samples were 
classified into normal pH d 14 (pH, μ=5.59, 5.53-5.67; NpH, n=10) and Low d 14 pH (pH, 
μ=5.42, 5.38-5.45; LpH, n=10) groups. Normal ultimate pH allows myofibrils and myofibrillar 
protein to bind more sarcoplasmic fluid. Greater binding of this fluid within the myofibrils 
translates to better water holding capacity and tenderness as influenced by proteolysis enzymes 
(Huff-Lonergan and Lonergan, 2005; Scheffler and Gerrard, 2007). Key proteins involved in 
oxidation and protein structural maintenance were identified at 45 min postmortem. These 
proteins may have contributed to proteolytic enzyme activity. Pathways that work to protect 
cellular function or structure (including those involving peroxiredoxin and heat shock proteins) 
could be associated with variation in proteolysis (Schilling et al., 2017; Ma and Kim, 2020). 
Mechanisms behind those variations could impact proteolytic enzymes directly, or indirectly 
through endogenous inhibitors, calcium release, or cellular structure (Lametsch et al., 2004; 
Carlin et al., 2006). These pathways, therefore, deserve additional investigations.  
An issue still lies in the fact that early postmortem pH does not result in reliable early 
prediction of pork color, water holding capacity, or tenderness. The current research supports this 
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observation, as early postmortem pH is not significantly different between the normal and low 
ultimate pH classifications until approximately 24 hours postmortem. This inability to use early 
postmortem pH to predict the extent of pH decline makes it difficult for packers and retailers to 
make predictions of pork quality based on early postmortem characteristics like pH. However, 
metabolites such as lactate at 45 min postmortem could be used to identify the potential for low 
ultimate pH. Early identification of metabolic features that relate to ultimate pH could mean that 
differences in postmortem glycolytic capacity can be detectable as early as 45 min postmortem. 
Combined metabolites and proteins identified in this study present a few mechanisms in 
glycolysis, the citric acid cycle, and heat shock regulation that together can indicate variations in 
glycolytic capacity. For example, the fate of pyruvate to either acetyl CoA or lactate is a critical 
element in this study. Evidence from the current research shows that the location or abundance of 
enzymes such as LDH or PK may play a role in this mechanism. This means that soluble 
glycolytic enzymes may be associated with differences in the production of lactate throughout 
the conversion of muscle to meat.  
Mitochondria are also known to play a role in postmortem pH decline (Popp et al., 2015; 
Matarneh et al., 2016). Mitochondria influence pH decline because functioning mitochondria 
will allow pyruvate to be metabolized by the citric acid cycle instead of being converted to 
lactate. Heat shock proteins can also signify a difference in either the apoptotic abilities of 
mitochondria (Kim et al., 2019) or solubility of mitochondrial proteins (Matarneh et al., 2018). 
Additionally, early postmortem peroxiredoxin-2 could have influenced mitochondrial function 
by limiting reactive oxygen species accumulation (Zhang et al., 2020). Maintenance of 
mitochondrial activity could have resulted in a higher ultimate pH.  
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There may also be an indication that early postmortem PFK activity contributes to 
variation in ultimate pH. Phosphofructokinase is a rate-limiting enzyme of glycolysis that is the 
first to lose activity as a result of pH decline (< pH 5.5) (England et al., 2014). However, 
postmortem mechanisms such as close associations with actin may create an opportunity for 
extended PFK activity (Roberts and Somero, 1987). The prolonged activity of glycolytic 
enzymes has the potential to increase glycolytic capacity. 
Proteomic and metabolomic features of pork loin from 45 min postmortem can be used to 
explore mechanisms of glycolysis that will influence the ultimate pH of pork longissimus dorsi. 
These features provide clues to discern heretofore unexplained variation in ultimate pH and fresh 
pork quality. Collectively, the results create an opportunity to develop novel tests for key, early 
postmortem pork quality indicators. These tests will allow packers, retailers, chefs, and 
purveyors to market fresh pork products quickly and accurately to match line speeds and meet 
consumer demands. Consumers that are willing to pay for high-quality pork will, therefore, be 
able to purchase products that meet their expectations. 
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